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ABSTRACT 

A single sphere absorber was used to obtain measurements of 
the pseudo-first-order rate constant for the isotopic exchange of 
deuterium in the hydrogen-aminomethane system. The catalysts used in 
this study were potassium methylamide (PMA) and mixtures of potassium 
and lithium methylamides (PLMA). The temperature range of the 
investigation was -10 to -50°C and an activation energy of 28.5 kJ/mol 
was calculated for the reaction. Values of the rate constants ranged 
from 2.1 to 582 s-. 

Two sets of experiments were performed with PMA catalyst 
concentrations of 0.31 and 0.40 m mol/g amine. These data along with 
data from Rochard (3) and Kalra and Otto (2) were used to develop a 
model of the dependence of the rate constant on PMA concentration. 

Rate constants were measured for solutions containing 
lithium methylamide to potassium methylamide concentration ratios 
ranging from 0.5 to 4.26. An equation was developed, using all the 
data obtained in this work, which describes the dependence of the rate 
constant on temperature, PMA concentration and lithium methylamide 
concentration. 


The accuracy of the rate constants obtained was estimated to 


ber «102. 
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Ls siNTRODUCTION 

The exchange of deuterium between hydrogen and aminomethane 
has potential to form the basis for a process for the commercial 
production of heavy water, that would provide an alternative to the H,0- 
H,S exchange process now used in Canada. Bancroft and Rae (1) have 
described a bithermal hydrogen-aminomethane exchange process that would 
operate between the temperatures of -40°C and 70°C. The feedstock 
would eaneiae of a large source of hydrogen or alternatively water 
could be used as a feed by providing a hydrogen-water exchange step. 
Possible large sources of hydrogen are the synthesis gas feeds to large 
scale fertilizer or ammonia plants and the hydrogen which may be 
produced for use in the upgrading of the bitumen from the oil sands. 

The naturally occurring ratio of deuterium to hydrogen is in 
theporder of Jo oy x iat Thus large quantities of feed must be 
processed to produce a significant quantity of DAO (in the first 
enrichment stage) and very large liquid-gas contactors are required. 
These contactors constitute a major portion of the capital cost of a 


heavy water plant. 


The hydrogen-aminomethane exchange shown as 


> 
CH,NH, + HD 2 CH,NHD oa H, Cie) 


is a fast reaction which occurs in the liquid phase and is catalyzed by 
alkali metal amides dissolved in the amine. Quantitative information 
on the effects of temperature and amide concentration on the rate of 
exchange is useful for the estimation of transfer coefficients and thus 


stage efficiencies for the design of industrial gas-liquid contactors. 
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Published kinetic data for the hydrogen-aminomethane exchange 
are limited to that of Kalra and Otto (2), Rochard (3) and Bar-Eli and 
Klein (4). Bar-Eli and Klein observed that the rate of exchange in the 
hydrogen-aminomethane system was higher than that in the hydrogen- 
ammonia system. The measurements of Rochard and Bar-Eli and Klein were 
obtained with stirred reactors and the resistance to mass transfer was 
not entirely eliminated or accounted for. Consequently the only 
reliable rate data from these investigations are those obtained by 
Rochard for very low temperatures and catalyst concentrations. 

Kalra obtained rate data with aminomethane solutions 
containing catalyst concentrations of greater significance for the 
design of industrial contactors. However his investigation covered a 
fairly narrow temperature range and the reported value of the 
activation energy for the reaction, 14.9 kJ/mol, was much lower than the 
value reported by Rochard, 28.4 kJ/mol. An objective of this study was 
to obtain additional rate data for high potassium methylamide (PMA) 
concentrations and to investigate the discrepancy in the reported values 
of the activation energy. 

The use of a mixture of lithium methylamide and potassium 
methylamide (PLMA) as a catalyst for the hydrogen-aminomethane exchange 
is reported to have several process advantages (5). An additional 
objective of this study was to investigate the effect of the addition of 
lithium methylamide as catalyst. 

Kalra and Otto (2) demonstrated that the single sphere 
absorber is a convenient device for the measurement of the reaction rate 
constants for this fast exchange reaction. Consequently the sphere 


absorber was also selected for this study. 
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2. LITERATURE SURVEY 
2.1 Hydrogen-Ammonia System 
Exchange studies of the hydrogen-ammonia system are of 
interest in the study of the hydrogen-aminomethane system since 
aminomethane is a simple substituted derivative of ammonia. The 


hydrogen-ammonia reaction may be written as 


> 
NH. + HD NH, D +: H, C2.) 


Wilmarth and Dayton (6) used a stirred reactor to study the 
ortho-para conversion of hydrogen and the isotopic exchange of hydrogen 
with liquid ammonia. They determined that the above reaction, Equation 
(2.1), was homogeneous and that the rate was first order with respect 
to the concentration of dissolved hydrogen deuteride. Their data on 
the hydrogen exchange reaction consisted of two measurements at -53°C 
with very low potassium amide concentrations of 0.15 and 2.7 m mol/l. 
The rate constants obtained for these catalyst concentrations were 
On 2a ands L531. cia respectively. A linear dependence of the rate 
constant on the catalyst concentration was observed from their data. 

Bar-Eli and Klein (7) also used a stirred reactor to study 
the hydrogen-ammonia system using potassium, sodium and lithium amide 
catalysts. Their investigation covered the temperature range 0 to 
-80°C with catalyst concentrations from 5-200 m mol/l. An activation 
energy of 31.4 kJ/mol was calculated for the reaction with potassium 
amide as catalyst. The rate of exchange at -61°C with a saturated 
potassium amide solution was 5.5 times that obtained with a saturated 


sodium amide solution. Similarly, the ratio of the rate of exchange 
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measured for a saturated solution of sodium amide to that for a 
Saturated solution of lithium amide at -43°C was 23:1. The rate of 
reaction had a linear dependence on the catalyst concentration over the 
range studied. However, the positive intercept on the rate constant 
versus catalyst concentration curve at zero catalyst concentration plus 
the work of Wilmarth and Dayton (6) on the ortho-para conversion of 
hydrogen at high catalyst concentrations, led them to propose that the 
isotope exchange is catalyzed by both the free amide ion and the 
undissociated potassium amide. They expressed this relationship as 

k = wn, [NH] + Kent, [KNH, ] (2).2) 
where ‘HS and *KNH, are the specific rate constants for the catalysis 
by the amide ion and potassium amide, respectively. 

Dirian et al. (8) studied the exchange reaction in the 
temperature range -70 to -40°C with catalyst concentrations from 0.4 to 
1400 m mol/1. They were unable to eliminate the mass transfer resistance 
with catalyst concentrations greater than 60 m mol/1, in spite of 
stirrer speeds up to 9000 rpm. A value of 33.5 kJ/mole was reported for 
the activation energy of the reaction. They proposed that the 
dependence of the rate constant on the catalyst concentration should be 


expressed in terms of the activities of NH, and KNH, as 


2 
a SNH “NH, 9 *KNH, @xNH .2<3) 


Z 


where aNHD and aH are the activities of the amide ion and the 


undissociated amide, respectively. 


Delmas et al. (9) also used a stirred reactor to investigate 
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the hydrogen-ammonia exchange reaction, with particular emphasis on 
determining the catalytic active specie. Their results, at -45.2°C, 
indicated a linear dependence of the rate constant on the 
concentration of potassium amide up to about 5 mmol/l. Above this 
concentration the observed rate was higher than that predicted by 
extrapolation of the linear region of the curve. They proposed that 


NH, was the only catalytic active specie and the rate constant could be 


expressed as 


k = k (NH, ] (27.4) 


The increased rate observed at potassium amide concentrations greater 


than 5 m mol/l was thought to be due to an increase in the NH. 


concentration, caused by the formation of triple ions of the form 
K,NH,. The activation energy calculated from their data between -45.2 
and -70.0°C was 23.0 kJ/mol. They attributed the difference between 
this value and that determined by Bar-Eli and Klein (7) to the use of 
different values for the solubility of hydrogen. 

Bourke and Lee (10) used both a wetted rod contactor and a 
disc column to study the exchange reaction with potassium amide as the 
catalyst. The flow of ammonia on the rod was laminar which allowed 
them to account for the liquid phase resistance to the transfer of HD. 
They investigated the temperature range -40 to +20°C with catalyst 
concentrations of 0.082, 0.163, 0.327 and 0.653 mol/l. The rate 


constants ranged from 10 to 500 ie and an activation energy of 33.5 


kJ/mole was calculated. 
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2.2 Hydrogen-Aminomethane System 


The isotopic exchange of deuterium in the hydrogen-aminomethane 


system may be written as 


> 
CH NH, Te tLe CH.NHD a H, Grae 


The system properties of particular interest in a kinetic study of this 
reaction are: 

1. The solubility of hydrogen in aminomethane 

2. The diffusivity of HD in aminomethane 

3. The equilibrium constant for the reaction 

4. The solubility of the alkali amides in aminomethane 

Moore (11) measured the solubility of hydrogen in aminomethane 

over the temperature range -60 to +25°C with pressures up to 300 psig. 


He expressed the solubility in terms of the Henry's law coefficient as 


2 
ln H = Ay + A,8 + A,B (235)) 
where H = Henry's law coefficient (atm/mole fraction) 
Ao oe LAOS 
A, =) 60k2 
A, = -0.1160 
8B = 10000.0/T 


Kalra (12) measured the diffusivity of hydrogen in liquid 
aminomethane in the temperature range -20 to -30°C. The use of a 


modified Ferrell and Himmelblau correlation shown as 


7 T (1 + A**.0.53 


D = 4.66 x 10. [ ] (2.6) 
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where D = Diffusivity on fe) 


T = Temperature (K) 
Wy = Viscosity of the solvent (cp) 
V 
a, = Property of the solute = oftet!? 
Vo = Molar volume of the solute (enimel) 
L/2 
A* = Quantum parameter = h/o(me) 


for the prediction of the diffusivities of H, > HD and Dy in aminomethane 


was recommended. 


The gas phase equilibrium constant for the reaction, Equation 


NH, /CHNHD may be written as 


(11), and the relative volatility of CH, 


[CH ,NHD ] [H, ] 


Pedra [CHNH,] [HD], ere 
and 
5 hope cane ) g 
The separation factor is defined as 
_ D/H ratio in gas-free amine (2.9) 


~ D/H ratio in vapor-free hydrogen 


For the case of low deuterium concentration the separation factor may be 
expressed in terms of the gas phase equilibrium constant and the 


relative volatility as 


* 
Q = Rag oh ee (2.10) 


where n* = Number of exchangeable hydrogen atoms in an aminomethane 
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molecule 
m* = Number of exchangeable hydrogen atoms in a hydrogen molecule 
The number of exchangeable hydrogen atoms in both an aminomethane and a 
hydrogen molecule is two, which indicates that the term n*/m* = 1 for 


this system, thus 
=e Ko rE) 


Accurate measurements of the separation factor for the 
hydrogen-aminomethane exchange have not been made, however studies 
conducted by A.E.C.L. (13) strongly suggest that it is essentially 
equal to that for the hydrogen-ammonia system. The separation factor 


for the hydrogen-ammonia exchange is given as 


lies We =0024218 4 S2h28 


(2.2) 


The solubility of potassium methylamide in aminomethane in 
the temperature range -78 to +40°C was investigated by Hayashitani (14). 
His results indicated that the solubility increased with decreasing 
temperature. Values of the solubility at -78 and +25°C were 0.70 and 
0.44 mol/l, respectively. 

Bar-Eli and Klein (4) used a stirred reactor to study the 
exchange reaction with a lithium methylamide catalyst. They obtained 
rate constants of about 3.6 ie and 6.5 mie at temperatures of -46 
and -29°C, respectively. A linear dependence of the rate of exchange 
on catalyst concentration was observed up to a concentration of 10 
m mol/1, above which the rate was independent of concentration. The 
activation energy calculated from their data was 15.1 kJ/mol. They 


also measured the ratio of the rates of exchange, with potassium amide 
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as catalyst, for the ammonia and aminomethane reactions. At -66°C the 
rate constant for the hydrogen-aminomethane reaction was 35 times that 
for the hydrogen-ammonia reaction. 

Rochard (3) also used a stirred reactor to investigate the 
kinetics of the exchange with potassium methylamide as catalyst. Table 
1 contains the results of her work with the hydrogen-aminomethane 
system. She determined that the reaction was first order with respect 
to the concentration of dissolved hydrogen. The activation energy was 
calculated to be 28.4 kJ/mol. The discrepancy between this value and 
that obtained by Bar-Eli and Klein was attributed to the use of 
different values for the hydrogen solubility. At -77.2 and -90°C the 
rate depended linearly on the catalyst concentration up to about 20 
mmol/l. The addition of 0.1 mole percent ammonia to the aminomethane 
solution had no effect on the measured rate of exchange but the addition 
of 1.0 percent ammonia decreased the rate by a factor of 10. 

Kalra and Otto (2) used a single sphere absorber to obtain 
data on the hydrogen-aminomethane exchange with potassium methylamide 
as the catalyst. The temperature range of their investigation was -10 
to -30°C. Values of the rate constant for solutions containing 
catalyst concentrations up to 0.4 m mol/g ranged from 250 to 635 ae 
The dependence of the rate constant on the catalyst concentration ee 
linear up to about 0.13 m mol/g. An activation energy of 16.8 kJ/mol 
was calculated from their data. It should be noted that the catalyst 
concentrations were determined by analyzing the solutions for the total 
potassium concentrations and assuming that all the potassium was present 
as potassium methylamide. 


A more detailed literature survey on the ammonia and aminomethane- 
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CATALYST CONCENTRATIONS AND RATE CONSTANTS MEASURED BY 


ROCHARD (3) FOR THE HYDROGEN-AMINOMETHANE SYSTEM 
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hydrogen systems was included in Kalra's thesis (12). 


2.3 Mass Transfer and Chemical Reaction on a Single Sphere Absorber 
Lynn, Straatemeir and Kramers (15) were the first to use a 
single sphere absorber for mass transfer studies. To describe the 
hydrodynamics of the flow of liquid over the sphere, they assumed that 
the thickness of the liquid film flowing at any latitude on the sphere 
was the same as that for an equal flowrate per unit length on an inclined 
plane making the same angle with the vertical. It then followed, from 
the solution of Nusselt for laminar flow down an inclined plane, that the 


film thickness was given by 


he duLpel hs Baan 2/3 
A = [aaRe. sin 0 (2713) 
and the velocity distribution could be represented as 
dees aud (iee(-) (2.14) 
w fe) A 
where Y,, is the velocity at the surface of the film given by 
Diets 
net geAs sind (2515) 
fo) 2v 
Equation (2.14) can also be expressed as 
3L -1/3 Ree 
= nh ee ZieikG 
Vente aR sin Se iradad ( ) 
where Ay = Film thickness at the equator of the sphere 
b/s 
a (3 ) i) 
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Combination of Equations (2.13) and (2.15) yields 


327 Vv 


8 (Q217) 


From which the time of exposure of a surface element on the sphere is 


given by 


TT ‘TT 
. 7 | Rd0 _ ;-28 71/3 as pols ae rane 
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The equation describing gas absorption into a film of liquid 
flowing on a sphere with a first order chemical reaction occurring between 
the solute and a constituent in the liquid may be obtained by considering 
the coordinate system shown in Figure 1. The volume element ABCD located 
in the spherical film is bounded by two streamlines AD and BC and by two 
radial lines AB and CD. A steady state mass balance on the solute gas in 


the element may be written as 


Net mass diffusing Net mass Net mass 
into the volume = removed by + removed by (271.9) 
element bulk flow chemical 

reaction 


Neglecting convection terms in the R and ¢ directions and 
diffusion terms in the 0 and ¢ directions Equation (2.19) may be 


expressed as 
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27D sin 6 (R? oS axdé - 2R oO aie) = 27R sin 6 v ey 
8x 6x vy -de° yp 
(2.20) 
dxd6@ + onR- sin 0 d6dx k, CC ~ C,) 
or 
6¢ 6c 6c 
DR 2 - 2D ha = Vy Gey ata Rk, (C = oe) C2525) 
: ‘ § x wre? /3 
Substitution of the variable y = ? where A = A sin Os 


introduces a coordinate system which accounts for the stretching of the 


liquid film as it flows over the sphere (16). Thus 


2 -4/3 2 
5° ; 2D . Ay sin 8 en a a, V4 
see A sin72/2 9 DR 6) DR 
kA 
=4/3 6G de oe A/S ie, 
sin ) 36 + > sin ONG C,) C2 622) 


Wild and Potter (17) reduced Equation (2.22) by noting that 


A,/R v 0 and introducing the following dimensionless variables: 


2 
dal eb OS ter a ES tin! A ovaraae (2.23) 
D 3LA 
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O 
k,47 
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c-c 
Ce Roy eee ets, 
ck = -—2 (2.25) 
a fe) 
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They used a Crank-Nicholson six point implicit numerical method to 


obtain a solution to Equation (2.26) with the boundary conditions 
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Integration of the interfacial concentration gradient around 


the sphere yielded the total gas absorption rate G, as 


(2.27) 


@ 
tt 
i) 
3 
aw 
Oo 
ie) 
a 
4 
™ 
Or 
er 
10) 
Hs 
a 
fap) 
Qu 
@D 


| 
[2 
Ee 
uu ~ 
.— 
i) 
oN 
(o-7) 
Q 
as 
— 


where b> = Maximum value of y, occurring at 6 = mn for a spherical film 


It also followed from Equations (2.18), (2.23) and (2.24) that 


My. 


Ki tmar) OL6608 


(2.28) 


Wild and Potter developed several simpler equations which 
approximate their numerical solution within one percent for all possible 


values of k These equations for the case where Co = 0 are 
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1 max 


i eOr vic = 0 (physical absorption) 
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2. for k.t he 
1 max 
Se eG Uy E Shite ike 1/693 2.30 
1/2 ; 1 “max ; (2.30) 
LC, 
fe 
we LOL sO et = 5.0 
1 max 
sap 1.428 vkjt + O68 Simul (2.31) 
LCV, cas 
An teeEOr 1) 6 Ons<e KLE H725..0 
1 max 
ae 1.428 vit pe Use (2.32) 
LC.W zi Vik. t 
a LS #. 1 max 
5. for kt 5-0 
1m 
G - ae a 
ee. = 1.428 kj tax (2.53) 
ECT 


Astarita (18) has shown that for the case of high values of 
the rate constant, Equation (2.33) above, that the total gas absorption 


rate is independent of the liquid flowrate and is given by 


me 2 . Dk 
G= 4nR> (C, = C_) yDk, (2.34) 
or 
ls vic D 


Equation (2.34) is equivalent to Equation (2.33). 
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3. EXPERIMENTAL 
Sil Apparatus 
3.1.1 General 

The hydrogen-aminomethane exchange experiment consisted of 
contacting liquid amine, flowing over the ball absorber, with gaseous 
hydrogen which was enriched with hydrogen deuteride (HD). The HD 
diffused from the gas phase to the liquid amine interface where it 
dissolved and diffused into the liquid. Deuterium atoms of the 
dissolved hydrogen exchanged with hydrogen atoms of the amine resulting 
in a slight supersaturation of Hy» which then diffused back to the gas 
phase. The net result of this process was a reduction of the deuterium 
concentration in the gas phase. 

Since the solubility of hydrogen in aminomethane is very low, 
the driving force for mass transfer in the liquid phase is small. 
Consequently the extent to which the deuterium content of the hydrogen 
would deplete during a single pass by the sphere would be small and 
difficult to detect. Thus a known volume of hydrogen was continuously 
recirculated past the sphere so that the depletion of HD was cumulative 
with time. The amine was fed over the absorber on a once through basis 
so that the deuterium concentration in the liquid feed was essentially 
constant with time. 

Solutions of PMA and PLMA in aminomethane are corrosive. The 
equipment in contact with these solutions was constructed of 316 or 304 
stainless belt glass or polypropylene and these materials satisfactorily 
resisted attack by the amide solutions. Most of the gaskets and O-rings 
were made of neoprene rubber. The neoprene in contact with the liquid 


PMA and PLMA solutions became brittle after several experimental runs 
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and had to be replaced. Polypropylene glands were used for all the 
stainless steel valve packings and polypropylene tubing was used whenever 
flexible lines in contact with the liquid amide solutions were required. 

The stainless steel portions of the equipment were designed 
for a maximum pressure of 3500 kPa at temperatures less than -200°C. 
Operating pressures in these sections were never more than 520 kPa and 
the minimum temperature reached was -55°C. Glass sections were used in 
those portions of the equipment where visibility was desired. The glass 
section with the lowest maximum operating pressure had a working pressure 
of 350 kPa over the temperature range -200 to 300°C. The most extreme 
condition encountered in these sections was a pressure of 103 kPa at 
-55°C. These operating conditions left a wide margin for safety. 

The amide solutions react violently with oxygen or water, thus 


precautions were taken to eliminate air and water from the equipment. 


3.1.2 Hydrogen-Aminomethane Exchange Apparatus 


Figure 2 is a schematic diagram of the exchange apparatus 
which was used to contact hydrogen, enriched in deuterium, with liquid 
amine. The exchange apparatus was enclosed in an insulated air bath (9) 
which could be maintained at a constant temperature, + 1°C, over the 
temperature range -10 to -55°C. The refrigeration was provided by a 
"York" model F62C-502E, six cylinder, two stage refrigerant compressor, 
rated at 7920 Btu/hr at -100°F. The compressed refrigerant 502 was 
expanded (12) directly into a cooling coil (13) contained in the air 
bath. A six kilowatt 'Chromalox" electric heater (14) was situated in 
front of the cooling coil. The power to the heater was controlled with 


a 240 V, 28 amp power transformer (15) which allowed the air bath 
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SYMBOLS FOR FIGURE 2 


Methyl alcohol container 

Alcohol pump 

Liquid feed double pipe heat exchanger 
"Whitey" control valve on liquid feed line 
Liquid return double pipe heat exchangers 
"Whitey" control valve on liquid return line 
Saturator amine storage tank 

Cold trap for saturator amine storage tank 
Refrigerated air bath enclosure 

Gas circulation pump 

Air bath circulation fan 

Refrigerant expansion valve 

Cooling coil 

Heating coil 

Variable transformer 

Gas saturator 

Solenoid valve 

In line heat transfer coil 

Thermocouples 

Liquid rotameter 

Gas reservoir 

Gas rotameter 

Entrained hydrogen collector 

Liquid distributor 

Pressure balance solenoid valve 

Jet nozzle and liquid approach tube 

Ball absorber 

Liquid take off tube 


Manometer 
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SYMBOLS FOR FIGURE 2 (continued) 
liquid return tanks 
liquid feed tanks 
alcohol drain 
vacuum system 
pressure vent 
enriched hydrogen storage tank 
dissolved hydrogen vent 


gas sampling system 
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temperature to be varied over the range mentioned above. A circulating 
fan (11) was mounted behind the coils to maintain a uniform temperature 
throughout the air bath. 

The feed PMA or PLMA solution entered the exchange apparatus 
via a 1/4 inch stainless steel tube. An auxiliary refrigeration unit 
provided the refrigeration for the methanol used as the cooling medium 
in double pipe heat exchangers located on this tube. The purpose of 
these exchangers was to cool the amine to prevent evaporation upon 
contact with warm tubing. The flowrate of the feed was controlled with 
a 1/4 inch "Whitey" stainless steel union bonnet regulating valve (4). 
A bypass, through a 1/4 inch "Whitey" stainless steel shut off. valve, 
around the regulating valve was provided to prevent flashing of the 
amine during startup, which could result in the valve becoming plugged 
with solid amide. 

An in-line heat exchange coil (18) was included on the feed 
line, inside the air bath, to bring the amine temperature close to the 
desired reaction temperature. The flowrate of the feed was measured 
with a rotameter (20). A glass section (23), designed for the removal 
of entrained hydrogen in the liquid feed, was located upstream of the 
liquid distributor (24). Both of these sections aided in the 
elimination of pulsations in the liquid flow and provided the residence 
time required to bring the liquid to the temperature in the air bath. 
The top of the distributor was connected to the absorption chamber 
through a remotely actuated solenoid valve (25), which permitted the 
pressures in these sections to be equalized. The liquid was fed over 
the ball absorber (27) through a 1/2 inch diameter stainless steel tube 


equipped with a 0.046 cm diameter ruby nozzle (26). The ball absorber 
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was a 3.81 cm diameter ball bearing which had been softened by heat 
treating. The surface of the ball had been roughened to enhance wetting. 
A 1/16 inch mark machined on the top of the ball aided proper alignment 
of the jet. The alignment of the jet was accomplished with the use of 
an eccentric mechanism mounted on the top flange of the absorption 
chamber. The ball was supported on a 1/8 inch diameter stainless steel 
rod which also acted as the liquid take-off. This rod was surrounded by 
a glass take-off tube (28) with an inside diameter of 0.9525 cm. 
Excellent control of the liquid level in this tube was provided through 
the use of a "Whitey 21RS4" 316 stainless steel needle valve (6). A 
bypass was also installed around this valve to prevent flashing of the 
amine during startup. Concentric pipe heat exchangers (5) were located 
on the liquid return line to prevent the build up of pressure gradients 
due to the heating of the return amine (I). 

The enriched hydrogen was introduced into the system from a 
storage cylinder (VI). A gas reservoir (21) provided additional volume 
so that an appropriate amount of gas could be charged to the system. 

The hydrogen was circulated through the absorption chamber with a 
diaphragm pump (10), which was driven by an air motor. A rotameter (22) 
was used to measure the gas flowrate. The circulating gas passed 

through a saturator (16) which was partially filled with dry aminomethane. 
The dry amine was stored in a tank (7) between experiments and was 
introduced into the saturator via a remotely actuated solenoid valve (17). 
The purpose of the saturator was to saturate the hydrogen with amine and 
thus prevent evaporation of the amine flowing over the sphere. The total 
pressure in the system was measured with a mercury manometer (29). The 


temperatures of the liquid feed, liquid return and hydrogen (above and 
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below the absorption chamber) were monitored throughout each experimental 
run through the use of copper Constantan thermocouples (19). 

An alcohol wash system was used to clean the apparatus after 
every run. Methyl alcohol, from a reservoir (1), was pumped (2) through 
the feed line, over the ball absorber and collected through the return 
line. The alcohol could also be drained back from the distributor to 
the alcohol drain (III). A vacuum pump (IV) was employed to remove the 
alcohol which could not be drained. Often a water wash was required, 
which was then followed by a second alcohol wash to remove the water. 

The water was necessary to dissolve potassium hydroxide formed from the 


reaction between the alcohol and amide. 


3.1.3 Amine Feed System 


The amine feed system, Figure 3, consisted A: two similar tank 
systems which could be alternated as the feed or receiving tanks. Each 
set of tanks (1, 1-A), (2, 2-A) consisted of two 6 inch diameter, 316 
stainless steel tanks with a total volume of approximately 13 litres. 
Refrigerated baths (6) containing an ethylene glycol-water mixture kept 
at -24°C, with the aid of an auxiliary refrigeration unit, provided the 
necessary cooling for the amine. Concentric tube heat exchangers (3) 
(4) were located on both the feed and receiving lines to prevent 
evaporation of the liquid amine in warm lines during start up. A glass 
wool filter was located on the feed line to remove any solids which 
might be present in the feed amine. Pressure gauges (7) (8) were 
connected to each tank set so that each gauge could be used for either 
set of tanks. Lines leading to the building exhaust system (IV) (VII) 


were connected to each of the pressure gauge lines. These were used 
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SYMBOLS FOR FIGURE 3 


Liquid feed/receiving tanks, set one 

Liquid feed/receiving tanks, set two 

Concentric tube heat exchangers on return lines 
Concentric tube heat exchangers on feed lines 
Glass wool filter on feed line 

Refrigeration baths 

Pressure gauge 


Pressure gauge 


Amine feed to absorber 

Amine return from absorber 
Liquid drain line 

Pressure bleed 

To hydrogen pressure cylinder 
To vacuum 


Pressure bleed 
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when vapors were bled off the tanks to reduce pressure. 


3.1.4 Gas Sampling System 


The gas sampling system, Figure 4, was used to withdraw hydrogen 
samples, at suitable intervals, from the exchange apparatus for 
subsequent analysis for the HD concentration. Gas samples were 
introduced into the sampling system, via a 1/8 inch stainless steel line, 
by opening a 1/4 inch stainless steel "Whitey" shut off valve (1). The 
entire sampling system could be evacuated, to prepare for the 
introduction of a sample, by opening a similar valve (2) connected to a 
vacuum pump (II). A 2 mm vacuum stopcock (4) isolated the remainder of 
the sampling system from the initial sample volume (3). The amine vapors 
contained in the sample were removed in two liquid nitrogen cold traps 
(5), connected in series. The samples were collected in evacuated glass 
sample bombs (7) which were connected to the system with a ground glass 
joint. A 2 mm vacuum stopcock (6) was used to isolate the sample bombs 
from the system. The absolute pressure of each sample was measured with 
a mercury manometer (11). Either leg of the manometer could be isolated 
by closing the appropriate 2 mm vacuum stopcock (8, 9). Prior to the 
start of an experiment both legs of the manometer were evacuated. 
Stopcock (9) was then closed to allow the absolute pressure of the 


samples to be measured. 


3.1.5 Catalyst Make Up System 


The PMA and PLMA catalyst solutions were made up in a standard 
twenty-five pound propane tank (1), Figure 5. The tank was fitted with 


both a dip tube (7) and a tube connected to the top of the tank (6), 


| cagoreh wore iw. «0 Bets 8 
. x01 aute a tge Sale 

e788 sok qune, ‘ee 
re Vk 


gatt lovte suviabese dom Be te 
eft .(f) sviav Woe. ote a a as aesinieds | 
dy rod sraqesa 6d ‘Sealaene ad bios oni 


® 63 bas5omn0s (iy avbaw telhatke 5. yrtaaqo Ye, «Si use: By. 
io zeheksoms ay badatvet Ca) Aooago3e —— Sh 0 ie sé F 
ap 


TRY in beak sd? .{£) smviov at qm@me: 4 tthak eid pox modi 
—") 


aqets bios. negotsia biupit ow co toes: ven ‘signe ‘hi 


ante bedavorvs mt heyoeilos stsw oe oitT cotta mt 


wea 


ia 
anig bavorg, 8 Atdw asdeve nite 02 edibaiien ssw tiokitw (%) edned & 
admod silqmse asta gtnfoet oF beau enw (9) aApongete coral om > A. 
ijiw beluesen eew Sigane dose io ‘eueges ssuloada od pussiiee 7 
basal val a bipos wetsmonam sit 76 oat yacara = . (il) sabia , 
at of totyt .€@ 8) aba be mnioavy aw © statrqorqqa a 
beteuoavs e166 12i9m0en ad 2o epsi dood iasmbrsexe, ste pat 

sda to styekexg stuioads sag wolls 6? bevels aed wow (8) 


 5ezuResit of ia pe L qe 


: ry 7 : Z “he 


brebssse 4 ai qu Shao etav \cblbad cheats sous bas om 
~ @¢tw bessii eaw dnss otf \2 oma. net) Jans sosgoxe b 


(8) dans edd 39 cox ails toe eo 


28 


wa3sXks Buttdues seg 


24 Ansty 


“y 
f i A woe a : 
+ et » \ 
7 ey . i 4 gS ae in ¥ F 
1 , ; wo a v" 
’ 7 ale ai) ay qf 7) 
‘a ; : ’ zs i a 1 ; 
Pe A i a ‘ent te 
at ; j i . a a wane I a. bs is . 
5 =a oy ue grr : > 4 
i : gant he 1 
i 
al ea 
Oe 
4 > bd > 
a . OE 7 ao 
a | 
i 
~ 
i i) 
i 
a f 
7 yD 


: ge? paaby ret gAef Gur 


Lai bd pile 
Any ie ‘oa 


Ais 


20 


SYMBOLS FOR FIGURE 4 


1. Valve isolating sampling system from exchange apparatus 
2. Valve isolating sampling system from vacuum pump 
3. Additional sample volume 


4. Glass valve isolating sample volume from the remainder of the 
sampling apparatus 


5. Liquid nitrogen cold traps for the removal of amine 
Glass valve isolating sample system from the sample bomb 
7. Ground glass joint 
8,9. Glass valves on either side of the sample pressure manometer 


10. Additional volume to prevent mercury from entering the sampling 
apparatus 


11. Manometer 


12. Sample bomb 


I. To gas reservoir on exchange apparatus 


II. To vacuum pump 
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SYMBOLS FOR FIGURE 5 


Standard twenty-five pound propane tank 
Filter 

Relief valve 

Pressure gauge 

Liquid nitrogen bath 

Vapor line 


Liquid line 


To liquid feed tanks 


To dry amine tank 


me 


py i : 
a 


oa 4 
n _— | 


' 7 D 
7 

7 

te = 

is 


a 


32 


which enabled the contents to be withdrawn or introduced as either a 
liquid or a vapor. Freshly cut potassium and lithium were introduced 
through the top hole of the tank. Dry amine was then distilled onto the 
potassium and lithium by submerging the tank in liquid nitrogen 
contained in a bath (5) surrounding the tank. The alkali metals 
subsequently reacted with the amine producing their respective amides 
and hydrogen, which resulted in an increase in the pressure in the tank. 
The pressure could be monitored with a pressure gauge (4) connected to 
the vapor line. A relief valve (3) set to relieve at 550 kPa was also 
connected to this line to protect the tank from a possible rupture due 
to excessive pressure. A 60 micron "Hoke" sintered stainless steel 
filter (2) was installed on the liquid line and used to remove solids 


contained in the catalyst solution. 


3.1.6 Gas Analysis 

The hydrogen samples taken during the exchange experiment were 
analyzed for their deuterium concentrations on a mass spectrometer, 
which was designed and constructed by Buckley (19). The spectrometer 
consisted of a 90° sector analyzer, which employed dual detection cups 
for the simultaneous collection of the Ho and HD isotopes. The signals 
from these cups were amplified and displayed on "Cary" model 401 vibrating 
reed electrometers. These signals were also read and processed, to give 
the ppm of HD in the sample, by the Department's IBM 1800 computer. 
These results were subsequently compared with the ppm values of standards 
of known concentration to yield the actual concentrations of HD in the 


sample. The precision of this analysis was + 2 ppm. 


(ns 


aingta Fistie andl ee a ae Ao i Th il 


i 
~ > 
if . 
a3 L re of a 
4A 
| 
~~ — 
a a. — 
ees | 
- ” by ‘ rb fines aie ter on 
> 
i \ - 
! een | Seebaeitemaub> | as! 7srueb via 93 
' % on 7 


4 et Pe ee bus bake alta 
“a 4 
7 a ¢ _ =F 

ven = Si a8 a » : 


_— 


: Sioet (Th. | (fl ada, 44: mots : Be om atl 
P a Ns 


, Pagao" mM ae a ba bol tile iZ one le 


Soa fms oRke, ates ‘ats mane” ail ‘ons ids ve 
a o ee 16 & a . 
v ey MNS. gn ial 48 a ef abo nis nt Oe 
¥ mo _ 
Meee 1). * Al . 
take Bategno> ¥ nour arent bats 
7 a i - eo) 


55 


3.1.7 Hydrogen Make Up 


The hydrogen used in the exchange experiment was generated by 
electrolyzing water in a "Milton Roy" hydrogen generator. A small 
amount of D0 was added to the feed water for the generator to yield 
hydrogen with a deuterium concentration in the order of a D/ (D+H) atom 


ratio of 500 ppm. 


S)A 74 Experimental Procedure 
3.2.1 The Exchange Experiment 


The exchange experiment consisted of contacting gaseous hydrogen 
with a liquid solution of PMA or PLMA in aminomethane on a 3.81 cm 
diameter ball absorber. A step by step operating procedure for a typical 
experimental run is given in Appendix A. 

Enriched hydrogen, from a storage cylinder, was introduced into 
the exchange apparatus via a "Matheson Model 70A" low pressure regulator 
prior to the start of a run. This gas was circulated with a diaphragm 
pump at a rate of about 50 eee The total gas volume was approximately 
2500 cm, resulting in a turn around time of about 50 seconds. The 
hydrogen was saturated with amine, to prevent evaporation of the liquid 
feed on the absorber, by passing it through a glass section containing 
dry liquid amine. 

The exchange experiment was operated at a hydrogen partial 
pressure of about 162 kPa and the amount of amine feed was such that the 
liquid to gas molar ratio was in the order of 200. The enrichment of 
the amine under these conditions was less than one ppm during a run. 

The liquid solution was stored in the feed tanks which were 


maintained at approximately -25°C. During an experimental run the 
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pressure in the feed tanks was raised to about 275 kPa with ultra high 
purity hydrogen, to provide the necessary pressure gradient required 

to feed the liquid into the absorption chamber. This hydrogen was 

kept in a high pressure cylinder which was connected via a 'Matheson" 
regulator to the top of the feed tanks. The liquid flowrate was 
controlled at about 0.25 Gays with the "Whitey" regulating valve. This 
flowrate was sufficient to ensure that the enrichment of the liquid on 
the absorber was minimal. There was no visual evidence of ripples on the 
liquid surface at this flowrate; however ripples could be seen at higher 
flowrates. 

The liquid was passed through a heat transfer coil located 
inside the refrigerated air bath, to bring its temperature close to the 
absorber temperature. Any undissolved hydrogen contained in the liquid 
feed was removed in a glass section which was located upstream of the 
liquid distributor. At the beginning of a run this section was partially 
filled with liquid solution. The remaining feed entered and exitted 
through the bottom of this section and the free hydrogen rose to the top, 
providing a feed stream which was entirely liquid. 

Fluctuations in the liquid flow were damped in the liquid 
distributor before admission to the absorber. The liquid level in the 
distributor was adjusted during start up by opening the remotely actuated 
solenoid valve and allowing the liquid to rise to the desired level. 

The solenoid valve was then closed and the liquid flowrate was adjusted 
to the proper value. A laminar jet was used to introduce the liquid 
feed onto the ball absorber. The jet diameter was 0.046 cm and jet 
lengths of 0.255 to 0.390 cm were used throughout the entire study. 


The work of Kalra and Otto (2) indicated that a stagnant layer 
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on the take-off liquid extended to the junction of the take-off rod and 
the ball providing the take-off length was 1.25 cm. The take-off 
length was maintained at this value by controlling the return liquid 
flowrate with the "Whitey" needle valve. Small disturbances were 
observed in the liquid in the take-off tube indicating the possibility 
of some activity. Since the diameter of the sphere was 24 times the 
ienerer of the rod any exchange occurring in the take-off level was 
assumed negligible. 

Gas samples were taken throughout the experiment at intervais 
ranging from 600 to 1000 seconds. Shorter intervals were used at the 
higher temperatures and during the initial part of a run, when higher 
exchange rates were expected. Sufficient time (400 seconds) was allowed 
after the liquid entered the absorber to adjust the levels in the 
distributor and the take-off tube, prior to taking the first sample. 

The prevented the unsteady conditions in the apparatus during start up 
from affecting the measured exchange rate. The gas samples were 
obtained by expanding a 5 cm? sample into an evacuated glass sample bomb. 
An equivalent size sample was discarded immediately before sampling to 
eliminate the effects of dead volume in the sample lines. 

The important variables which were controlled during an 
experimental run were the gas and liquid flowrates, take-off height and 
system temperature. Both flowrates and temperatures were recorded after 


each sample was taken. 


3.2.2 Catalyst Solution Make-Up and Analysis 


Potassium and lithium metals are extremely hazardous to work 


with, which necessitates the adherence to safe working procedures. 
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Hayashitani (14) has outlined the methods recommended when working with 
these metals. The most important precaution is that contact with air 
or water must be avoided. 

The aminomethane, obtained from Matheson of Canada Ltd., 
contained a maximum 0.8 weight percent water. This was removed by 
contacting the amine with an excess of lithium prior to using it to 
prepare a catalyst solution. The method used for water removal is 
similar to that for the catalyst make-up, described below. 

The propane tank used for the catalyst make-up was initially 
cleaned and evacuated. A slight positive pressure of argon was then 
put in the tank to provide an inert, heavier than air atmosphere for 
the introduction of the potassium or lithium. The oxide layer on the 
alkali metals was scraped off under mineral oil. The clean metal was 
then cut into small pieces to enhance the rate of solution in the amine. 
These pieces were washed in normal pentane to remove the mineral oil 
and then put in the tank. The argon and the pentane were removed under 
vacuum prior to the introduction of the aminomethane. 

The aminomethane was transferred into the catalyst makes 
tank by a simple flash distillation. This was accomplished by immersing 
the make-up tank in liquid nitrogen and connecting the vapor line to the 
tank containing the dry amine. The dry amine tank was weighed before 
and after the distillation so that the correct amount of amine could be 
transferred into the make-up tank. 

The potassium and lithium initially dissolve in the amine and 
subsequently react to yield the catalyst. The rate of this process is 
controlled by the solution step. The reactions, described by the 


following equations 
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CH.NH, une oP CH NHK a 1/2H, (3.4) 


and 


CH.NH, te Lio CH NHLL 2 1/2H, (372) 


are catalyzed by traces of iron supplied by the tank walls. As the 
reaction proceeds an increase in the pressure, due to the production of 
hydrogen, is observed which in turn inhibits the rate of reaction. 
This hydrogen was periodically bled off through the relief valve so 
that the reaction could proceed at a reasonable rate. The reaction was 
assumed to have gone to completion when no further increase in pressure 
was observed. A detailed procedure for the catalyst make-up is included 
in Appendix A. 

The analysis of the catalyst solutions was performed by Raylo 
Chemicals Ltd. Atomic absorption spectroscopy was used to determine the 
total Kr and Liss concentrations. Gas chromatography and nuclear magnetic 
resonance spectroscopy were employed to determine the Naas CH,NH and 
dimethylformamidine (CH ,.NHCH = WN - CH, ) concentrations. The presence of 


dimethylformamidine indicated that some decomposition of the amide 


catalyst had taken place. It is not a catalyst for the exchange reaction. 


3.2.3 Gas Analysis 


The hydrogen samples taken during an experimental run were 
analyzed for the concentrations of deuterium with a mass spectrometer. 
Standards containing D/D+H atom fractions of 1.5, 99, 365 and 471 ppm 
were used to calibrate the spectrometer, both before and after the 
analysis of a set of samples. The absolute values of the deuterium 


concentrations of the samples were determined by comparing the measured 


hee 


ie 


a ah «allay ulnes ‘gis aed” 
te got dowbutd ong ty siyh ee 


,aaktorsee To Siar att oat 


oe sv TRV te tiers isis dabeats aa 
env pobyones"aAt. {Say otdancear 6 En biasyo4¢, ae 


siERe Td xt eugavots Tee ot ile bce yo> og 


hebyfsat af oresden tevisiss ae ‘ro sal x ‘ 
an 7. D = . v" a, 1s ey | ; 
olvat va baeeeotrod wew wood ti Cok sito) f onset 2b) niet jet 


@ 


sik enirrnede> SILoPty. BAW Yao eortaage Rot tot oe ioe . 


oitengem aeeTour Bhs iyiges36 soba ani “onda faibeie e 


is 


gt 492 5¢hn19355 ot Bevo lyme: ston ere 


ing §H.@) 
tt au 


~~ € 


in someehig oHT, , BHhFIBAIMAINGS ae if 4 We reese 


vs le 


rm 


- 


aiaw fr aeania oleae GD anti odes cobs 
ssanexzo0ge zene o io toe' apes ts snatanesaatn 

. mepe it) bon Gat 20 ide £ t9 
eds sched am: ssoted ine. 
scree oth te taker: ae 


bendhaae edt gattaameo yc 


38 


values with the measured values of the standards using the following 


relationships. 


see ee 
or ee ) 1000 (SoD 
st 
ei 
OF. = (ee Ly, L000 (3.4) 
st 
where R* = The ratio of mass three (HD) to mass two (H, ) currents 


(I,/1,) at a fixed value of I This ratio was uncorrected 


a 


1s ; ; 
for the H, contribution to the mass three signal. 


Rot = The I,/1, ratio for the principal standard at the same value 
of I,. 

CF = The absolute deuterium concentration of the sample (D/D+H 
in ppm) 

Coe = The absolute deuterium concentration of the principal 


standard (D/D+H in ppm) 
The 365 ppm standard was arbitrarily chosen as the principal standard 


for this study. A plot of the 6 versus one values of the standards 


DI 


constituted the calibration curve for the mass spectrometer. The 
equation for this curve, which was essentially a straight line, was 
determined by a standard least squares technique. Equation (3.3) was used 
to convert the measured R* values of the samples to their corresponding 

6 values. The least squares equation was then used to determine the 


DI 


Pie 28 from which the absolute concentrations were calculated with 


Equation (3.4). 


baJoert ona saw older est 2 Seam boat} a 
| Linagke sand: epeilcalht pd petipe bat ans: aa] 
Wiley owas 963 Ye braces sqaaniteg sit _ fears 
mars vi ibis © < 
mes i 
HT \A) latins 3h4 20 oi mie wile Dy 
: ; ae 

taqiagrivte en? to nok sia mi) trstuad ‘s2uloete poe — 

Cmeety ei EONS pee ef 
| et oe 
‘phy Lagisniy ef> 84 framenito Uittarsrdye =6¥ inline ah 
ubzabasses att Fb esphes - a Anayey a” sit Pe Toh ens 
aft '.sabaaorinece ead SHE to) Gyros vo ae a 
"ow .onkk atgherse & cLininone | aw fotdd ov 00) at 


: ; ‘ ; ? 
er. re 
qakpangeetsos Tas os eatougne aed io gsuiey *% be 


ent suteera298\ 09 beey wsitd Gn deny aatqupp pune | of 


G ar 
ditw tsyabm iso ape! amehiettresne> sani nil 7 i mt 
io Sy = 


“i 
i 


bong ese (Dh. &} ced farnpy see aia Seraipe tane/ drab: 


b ° 


ve 


EL) 


During an experimental run the number of moles of HD in the gas 
phase depletes cumulatively with time. This rate of depletion can be 


expressed as 


eee V 
dy _ _'2_ ay 
Pec oa, ge oh Te dt fee: 
8 
where G, = Instantaneous gas absorption rate (mol/s) 
aP = Total number of moles of hydrogen gas 
y = [HD]/({HD] + [H,1]) 
t = Time (s) 
Pu = Partial pressure of hydrogen (kPa) 
2 

V = Total volume of the system occupied by gas (cm?) 

' 8315 cm? kPa 
R, = Universal gas constant ( cere: ) 
T = Absolute temperature of the gas (K) 


The interfacial area of contact for the sphere may be corrected 


for the thickness of the liquid film using the relation 


we a: ata A, nat 
where Ay = Corrected surface area (en 
A, = Surface area of the dry sphere ee 
Ay = Film thickness at the sphere equator (cm) 
R = Radius of the sphere (cm) 


The total interfacial area is the corrected surface area plus the area 


of the laminar jet (A,)> expressed as 
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Crp) 


Ay + me 2 


The rate of depletion may be equated to the instantaneous 


rate of absorption of HD in the amide solution flowing on the sphere 


to yield 
Hy! ay 
et = CS meat 
Her de er aie &.) (3.8) 
where K = Overall mass transfer coefficient (cm/s) 
C* = Concentration of HD in the liquid phase in physical equilibrium 
with the HD concentration in the bulk gas phase (B22) 
cm 
Cc. = Concentration of HD in the liquid phase in chemical equilibrium 


with the concentration of CH,NHD in the bulk liquid a 
cm 
The concentration of CH.NHD in the bulk liquid was assumed constant for 
a given experiment. This assumption implied that c was also a constant. 


The solubility of HD in aminomethane may be represented by 


Henry's law as 
Wb: Seng ane (3.9) 


ORG 


kPa 
mole fraction 
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where H = Henry's law coefficient ( 


Mole fraction of HD in the liquid phase 
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k = * 
é px (304.0) 
and 
os i ere 
= ; ete OL 
where Py = Molar density of the liquid Ser 
cm 


Equation (3.8) may be represented as 


Py. 
H 4 


R,T at a Lae le (@.11) 


Setting the mole fraction of HD in the gas at time t = 0 equal to Bak 


and replacing y* by y, integration of Equation (3.11) from 0 to t yields 


ea Ye = er et oe t (3 12) 
HV é 


b Muir 
A plot. of ta (————) versus t results in a straight line with a slope 
e 


-K, AToiR T a 
rt ce » from which K can be determined. 


The total resistance to mass transfer may be represented by 


the two film theory as 


adhe fa (Gal) 


where k, = Liquid phase mass transfer coefficient i) 


Gas phase mass transfer coefficient (fe 
cm+ s kPa 


The diffusivities of HD in H, and of«iD in CH.NH., vapor can 


Ko 


be estimated using the Wilke-Lee modification of the Hirshfelder-Bird- 


Spotz method shown below. 
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(0.00107 - 0.000246 YI/M, + i713!” /i/M, + TAG, 


D Ge14) 


AB 2 
Prey (a(R 
where Dap = Diffusivity (ema) 
Mas M, = Molecular weight of A and B respectively 
Pe = Absolute pressure (atm) 
Tap = Molecular separation at collision (A) 
EAR = Energy of molecular interaction (ergs) 
= VEER 
k = Boltzmann's constant 


£(KT/e,,) = Collision function 


The diffusivity of HD in the gas phase may then be calculated using 


D Be ee a (3b) 


vf vA 
H, CH.NH, 


D D 
HDa- H, HD CHNH, 


where D ix = Diffusivity of HD in the H,~CH..NH., mixture (an 

The geometry of the absorber and the operating conditions were 
such that the flow of gas was uniform over the sphere at a velocity of 
approximately 1.1 cm/s. The value of De calculated with Equation 
(3.15) was substituted into Froessling's (20) equation for forced 
convection mass transfer to single spheres, from which the gas film mass 
transfer coefficient was determined as follows 


2k,R 


See 076 R24 —4# (3.16) 
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ko = Hye 
a Wee mol 
where ko = Mass transfer coefficient (———~————) 
s cm2 mol/cm3 
R, = Gas phase Reynolds number 
re R VayG 
u 
u = Viscosity of the gas mixture (g/cm s) 
Ts Density of the gas mixture (ofem) 
nee Average velocity of the gas in the absorption chamber (cm/s) 


The values of K, and ko calculated in Equations (3.12) and 
(3.16) respectively, may be substituted into Equation (3.13) to yield 
a value of k: The rate of mass transfer to the liquid may be expressed 


in terms of ko as 


CG, = k Ar (C, = Cc.) (Ss) 
where C, = Actual HD concentration in the liquid at the interface ey 
cm 


The hydrogen-aminomethane exchange can be described by the 
following reversible reaction in the region of low deuterium 


concentration 


CH.NH. + HD 2 CH.NHD + H Ci) 


Be 3 Z 


At low deuterium concentrations the concentrations of CHNH, and Hy 
may be considered invariant, indicating that the exchange may be 


represented by the pseudo first order reaction 


HD 2 CH,NHD (3,18) 


The local rate of reaction may then be represented as 
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Sy Ok “2° CH NH (3.19) 


= ky (Cc - Cc.) 


where C = Concentration of HD in the liquid con) 
cm 


Thus Equation (3.17) may be used with the appropriate expression, 
Equations (2.29) to (2.33), to isolate ky 


known system properties. The correct equation was determined by 


as a function of ke and 


evaluating kit ax and comparing its magnitude with the range of kj tax 


for which the above equations apply. For the fast reaction regime, 


k Paco. 
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1 max 


G, =A (C; 2 C)YDk, (2.34) 
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a. RESULTS 

The single sphere absorber was used to measure the rates of 
exchange of hydrogen with PMA and PLMA solutions. Two solutions, with 
concentrations of 0.31 and 0.40 m mol PMA/g amine were investigated. 
Experiments were conducted with PLMA solutions, containing a molar 
ratio of lithium to potassium methylamide of approximately 1:1, at 
three concentrations of the amides ranging from 0.30 to 0.63 m mol/g amine. 
Solutions with lithium to potassium ratios ranging from 0.5:1 to 4.2:1 
were studied to determine the effect of the Li/K ratio on the exchange 
rate. 

The rate constants and mass transfer coefficients, calculated 
for each experiment following the procedure given in the previous 
chapter, are shown in Table 2. Appendix C contains a detailed summary 
of the experimental and calculated data. All but four of the 
experiments were conducted under conditions in which the reaction 
occurred in the fast regime (kj t ax > 25). The experiments which did 
not occur in the fast regime were those conducted with the solution 
which had an Li/K ratio of 4.26:1 and the lowest temperature run with 
the solution which had a Li/K ratio of 1.72:1. 

A slight decomposition of the catalysts was indicated in the 
analyses of several of the aminomethane solutions by the presence of 
NH, and CH.,NHC = NCH,” ions. The concentrations of PMA and LMA in 
these solutions were taken as the proportion of the potassium and lithium 
concentrations which could be attributed to the total CH,NH, | concentra- 
tion. The analyses of the amide solutions obtained from Raylo Chemicals 
Ltd. are included in Appendix D. 


Values of the activation energy for each data set are given 
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in Table 3. These were calculated from a linear least squares fit to 
the Arrhenius model, 
aE 


RT 
= Ae, = (el) 


The natural logarithms of the rate constants are plotted versus the 
reciprocal of the absolute temperatures for each catalyst concentration 


on Figures 6 to 14. 
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Don VioCUSSION OF RESULTS 
3.1 Effect of Temperature on ky 
The values of the activation energies, shown in Table 3, with 
the exception of that for the solution which contained a lithium to 
potassium Gatio 06 4.26:1,"arewall within the range 27.2 to 29.5 kJ/mol. 
This indicates that an average value of 28.5 kJ/mol, calculated by 
omitting the value for the 4.26:1 solution, should adequately describe 


the temperature dependence of k, over the range studied. Figure 15 is 


uf 
an Arrhenius plot of the experimental data where the lines are best fit 
lines representing an activation energy of 28.5 kJ/mol. 

The activation energy for the Li/K = 4.26 data was not used 
in evaluating the average value because it was determined using only 
three data points. There was uncertainty in the measured value of ky 
for the low temperature run, since the differences between the 
concentrations of consecutive samples were in the order of magnitude of 
the precision of analysis which could be obtained with the mass 
spectrometer. The value of the average activation energy calculated 
with the inclusion of this datum point is 29.1 kJ/mol. 

The value of the common activation energy calculated in this 
work is the same as that determined by Rochard (3) in her work with 
potassium methylamide as catalyst. The results reported by Kalra and 


al 
Otto (2) for an aminomethane solution containing 0.41 PMA. are 


g amine 
plotted in Figure 16, along with the data from this work for the 0.31 
and 0.40 m mol/g amine PMA solutions. They obtained data over a fairly 
narrow temperature range and although their data for temperatures of 


approximately -23 and -30°C are in fair agreement with the values of ky 


measured for a 0.40 m mol/g PMA solution in this study, the values of 
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k, obtained at approximately -16 and -11°C appear to be low. The 
activation energy calculated using their. data is 16.8 kJ/mol. The 
reason for this low value is not clear. There is some uncertainty in 
the catalyst concentrations reported by Kalra and Otto. Their analysis 
of the amide solutions consisted of analyzing for the total potassium 
concentration, using atomic absorption spectroscopy, and equating this 
value to the PMA concentration. Thus any catalyst decomposition was not 
accounted for and the amide concentrations may have been lower than 
reported. However, due to the order in which their experiments were 


performed, this is not an adequate explanation for the low activation 


energy observed. 


5.2 Effect of Potassium Methylamide Concentration on ky 


The dependence of k, on PMA concentration was studied by both 


1 
Rochard .3) and Kalra and Qtto (2). Kalra and Otto's work indicated 

that the rate constant is almost linearly dependent on concentration up 

to about 0.27 m mol/g but becomes less dependent at higher concentrations. 
Rochard's data for catalyst concentrations less than about 0.01 m mol/g 
also support a linear dependence on catalyst concentration. Her 
measurements were made using a stirred reactor and it appears that the 
mass transfer resistance became significant at higher concentrations. 

The data obtained in this study for aminomethane solutions 
containing 0.40 and 0.31 m mol/g PMA show a dependence on concentration 
that is less than linear. However the 0.31 m mol/g solution contained 
22.5% decomposition product and the effect of this is not well defined. 
These data (0.40 and 0.31 m mol/g PMA solutions) were used along with 
data from Kalra and Otto's and Rochard's work to prepare Figure 17, 


which is a plot of the effect of PMA concentration on k The points 
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RATE CONSTANTS USED FOR THE DETERMINATION OF THE 


EFFECT OF PMA CONCENTRATION ON k 
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were obtained from the smoothed lines on Figure 15 and by extrapolation 
of Kalra and Otto's data for PMA concentrations of approximately 0.27 
and 0.13 m mol/g and Rochard's data for PMA concentrations less than 
0.01 m mol/g. An activation energy of 28.5 k J/mol was assumed for 
these extrapolations. Rochard's data were initially fit to the 
Arrhenius model using least squares. The points used for Figure 17 are 
given in Table 4. A least squares fit of these eateuiated points, 
combined with the Arrhenius equation to describe the temperature 


dependence, gives 


a eee caylee 


1 (a) 


The fact that the exponent on C is close to one indicates that the 
dependence of ky on C is linear, at least up to PMA concentrations of 
0.4 m mol/g. The dependence at higher concentrations is not defined 


and extrapolations of k, to PMA concentrations above 0.4 m mol/g should 


ub 


be made with caution. 


5.3 Exchange with PLMA Solutions 


The effect of the LMA/PMA molar ratio on ky for a solution 


containing approximately 0.45 m mol/g PMA is shown on Figure 18. The 
addition of LMA to a solution of PMA in aminomethane results in a 
significant reduction in the rate of exchange with that solution. 
This decrease in ky is approximately exponential with an increasing 


ratio of LMA to PMA concentrations. For example, ky for a solution 
containing 0.45 m mol/g each of PMA and LMA is approximately one third 
that for a 0.45 m mol/g PMA solution, whereas if the LMA to PMA molar 


ratio is 4 the rate is reduced by a factor of about 60. 
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Figure 19 shows the effect of increasing amide concentration 


on k, with a constant LMA/PMA molar ratio of one. The rate does not 


increase linearly with PMA concentration. 
Due to these observations and because of the uncertainty in 
the effect of PMA concentrations greater than 0.4 m mol/g on ky for 


PMA solutions, the following model was selected in an attempt to fit 


all the experimental data to a single equation. 


[LMA ] 


B(4) 
BO) at ) 
_ 97 B(2) [PMA] ae [PMA ] 


Coy) 


This is an extension of the model used by Kalra and Otto (2) to fit 
their PMA data. A nonlinear regression algorithm, proposed by 


Marquardt (21), was used to evaluate the parameters in this model, 


yielding 
B(1) = 4.41 x 10” (s+) 
B(2) = 0.114 
B(3) = 0.220 
B(4) = 0.915 
with 


E = 28.5. ko mol 


The rate constant at -20°C, calculated with Equation (5.2), is shown as 
a function of PMA concentration on Figure 20, for LMA to PMA ratios 
ranging from 0.5 to 4.0. 

A comparison of the measured values of ky with those calculated 


using Equation (5.2) is given in Table 5. The model overestimates ky 


for solutions containing LMA to PMA molar ratios greater than about 1.5 
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Figure 19: Effect of PMA Concentration on ky for a Solution Containing 
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Figure 20: Variation of ky with PMA Concentration at -20°C for Constant 


Values of the [PMA]/[LMA] Ratios (Calculated with Equation 
(5%2)) 
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Duc fits all tthe other=data to £ 107. 


5.4 Accuracy of the Data 


The accuracy of the values of k, is highly dependent on the 


L 
accuracy with which the diffusivity of HD and the solubility of 

hydrogen in aminomethane are known. Kalra's (12) detailed error analysis 
indicated that values of k, determined for the hydrogen-aminomethane 
system using the sphere absorber apparatus are accurate to + 10%. 

The equilibrium concentrations in the gas phase were estimated 
using an approximate mass balance and errors in these values may have 
resulted. Kalra (12) showed that the error introduced in the value of 
k) by an incorrect estimation of ‘- increased as the concentration in 
the gas phase approached we The experiments in this work were run for 
a short time in comparison to that which would be required to approach 
equilibrium. The lowest concentration reached in the gas phase was 61 
ppm which was more than twice the equilibrium concentration. The rate 
constant for the run dated November 4, 1975 was calculated using values 
of UG equal to 19.6 and 23.0 ppm to show the magnitude of the error 
introduced in a typical experiment by an incorrect estimation of vs 
The resulting values were 164 oe with Yas 19.6 ppm and 167 aa with 


Peg 23.0 ppm, indicating an error of about 2%. This is well within the 


estimated accuracy of the data. 
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6. CONCLUSIONS 

The sphere absorber was used to measure rate constants for 
the exchange of deuterium in the hydrogen-aminomethane system, with 
both PMA and PLMA catalysts. The temperature range of the 
investigation was -10 to -50°C. An activation energy of 28.5 kJ/mol 
was calculated for the reaction, which was in agreement with that 
determined by Rochard (3). The accuracy of the values of k was 
estimated to be + 10% and is dependent upon the accuracies of the 
diffusivity of HD in liquid aminomethane, solubility of the hydrogen 
and the gas analysis. 

The analysis of the aminomethane, solutions for the 
catalyst concentrations indicated that a portion of the PMA decomposed 
to dimethylformamidine in some of the solutions. The effect of this 
compound on the rate of reaction is unknown and therefore the 
knowledge of its presence is important in a kinetic study. The 
concentrations of PMA and LMA in these solutions were assumed to be 
equal to the porportion of the total potassium and lithium 
concentrations which could be attributed to the CH,NH concentration. 

Analyses of the data, using Froessling's equation for 
forced convection around single spheres and the two film theory for 
resistance to mass transfer, indicated that the gas phase resistance 
to mass transfer was an important consideration in this work. The 
percentage of the resistance in the gas phase increased as the rate 
constant increased and accounted for as much as 5% of the total 
resistance. 


A model was developed relating the rate constant to the PMA 


concentration, for a PMA concentration range of 0 to 0.4 m mol/g, 
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where E = 28.5 kJ/mol. The rate constants measured with PMA as 
catalyst were at least 35 times the corresponding values reported for 
the hydrogen-ammonia system. 


An expression, shown as 


0.915 
0.220 —(LLMAL, 


2) eo E/RT oO: 114 [PMA] yi [PMA ] 


k) = 4.41 x 10 (1 - C552) 


was developed to correlate all the data obtained Pe oeTe work. The rate 

constant decreased almost exponentially as the LMA to PMA concentration 

ratio increased. A possible explanation of this phenomenon is that 

each lithium ion forms a complex with two amide ions resulting in a 

large reduction in the number of amide ions available as catalyst. 

Although the addition of LMA to a PMA solution resulted in a large 

reduction of the rate constant, its presence was considered attractive 

because: 

1. The amide solution was more stable and less decomposition of the 
amide was observed in solutions which also contained LMA. 

2. PLMA solutions were less reactive and the amides were less likely 
to precipitate, which resulted in a much safer solution to work 
with in comparison to PMA solutions. 

The measurements of the rate constants and their dependence 
on temperature and catalyst concentrations may be used to predict 
transfer coefficients and thus tray efficiencies for the design of the 
cold contacting towers used in the hydrogen-aminomethane, deuterium 


enrichment process. 


he 
“4 


i | a 


ston ofT. Foe whda, ut bonbaaite au ai iis oaks 
dealin | 


notte rimeorGe AT os AMD gels ‘a yi tat . 
sada - nonamoanrtey ates porta —- 
fad gaisiveens, Sook eskbaaes oe 

ek reve ue ol daLtrre aah drastic tied pri ink 083 

| sgisk a ot tytirsor rocsirted: Aee no? AMS Io 90} 32 bbe Z 

sis a8": ‘338 horn bere? new Yonens'te wok Mr St) wrorieds 2 
} i | 5; 7 ri 

add Ty wobsbeagiioosh oesl be efdisn enog abd sotsaton gbiae af 
AMT bodkston cate tlokdw eaeisuios af a 

gielii eesk sti ashley re res sviaapet eask saew 84 
1G o2 rekwuloa THtee soem sat basiuast dogs Sasi 

| “jwtraiauion a oy suey 

ssupivisqet ZAR ; ibeduataaie ants ‘Yo stim 
sibeag of be S al Pnrre 

| nets wgheoh ily wo? ; 


gor Evertiivh pet 


73 


NOMENCLATURE 

A> ag» a, Constants in Equation (B.4) 

KN, Activity of undissociated KNH, 

NH Activity of the NH, ion 

, A Pre-exponential factor Gi 

Ay Surface area of the absorber corrected for the liquid 
film (em”) 

Ay Surface area of the laminar jet (ne) 

A. Surface area of the dry sphere (on) 

Ar Surface area of the sphere and jet Em 

Ags A> A, Constants in Equation (2.5) 

B(1),B(2) ,B(3),B(4) Parameters in Equation (5.2) 

G Concentration of PMA in aminomethane (m mol/g) 

C Concentration of solute gas in the liquid phase Gar 

cx Dimensionless concentration, defined by Equation (2.25) 

Ce Concentration of HD in the liquid phase in chemical 
equilibrium with the concentration of CH.,NHD in the 
bulk liquid Gaol fen) 

C; Concentration of solute at the interface (notice 

Cy Equilibrium concentration of solute in the liquid 
phase Gaol /em) 

Cie Absolute deuterium concentration of the principal 
standard (D/D+H in ppm) 

c,* Absolute deuterium concentration of a hydrogen sample 
(D/D+H in ppm) 

Cy» Co» C3, C, Constants in Equation (B.5) 
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Diameter of the laminar jet (cm) 

Diameter of the sphere absorber (cm) 

Molecular diffusion coefficient Cone fe) 

Molecular diffusion coefficient of specie A in specie 
B (em?/s) 

Diffusivity of HD in the H,-CH,NH., mixture Gas 
Activation energy (kJ/mol) 

Colitsion function 

Acceleration due to gravity (cm/s2) 

Total gas absorption rate (g/s) 

Instantaneous absorption rate (mol/s) 

Planck's constant (erg -s) 

Henry's law coefficient (atm/mole fraction) 

Current signal corresponding to the H, ere ere oe 
in the gas sample (Amperes) 

Current signal corresponding to the HD concentration 
in the gas sample (Amperes) 


Mass transfer coefficient ( we 


s cm2 mol/cm3 
mol 


cm2 s kPa 
Specific rate constant for catalysis by undissociated 


Gas phase transfer coefficient ( 


KNH, Equations (2.2) and (2.3) (o25) 


Liquid phase transfer coefficient (cm/s) 


_ 


Specific rate constant for catalysis by the NH, Lon, 
Equations (2¥2)) and, .(2).3) (dav) 
mee A nie 
Slope of the en ee vs t curve (s -) 
yin e 
Specific rate constant for catalysis by the NH ~ ion 
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Pseudo first order rate constant for the forward 
reaction (aa) 

Pseudo first order rate constant for the reverse 
reaction (aun) 

Boltzmann's constant (erg/K) 

Chemical equilibrium constant 

Overall mass transfer coefficient (cm/s) 

Length of the laminar jet (cm) 

Volumetric flowrate (emai e) 

Molecular mass, Equation (2.6) 

Number of exchangeable hydrogen atoms in a hydrogen 
molecule 

Dimensionless rate constant defined by Equation (2.24) 
Molecular weights of A and B, respectively 

Total number of moles of H, gas 

Number of exchangeable hydrogen atoms in an 
aminomethane molecule 

Avogadro's number 

Partial pressure of HD (kPa) 

Partial pressure of H, (kPa) 

Absolute pressure (kPa) 

Molecular separation at collision (A) 


Radius of the sphere absorber (cm) 


ak Vav °G 
Gas phase Reynolds number (~~~) 
3 kP 
; cm a 
Universal gas constant (8315 Ps a aie, 


Ratio of mass three (HD) to mass two (H,) currents 
(I,/T,) for the principal standard 


Ratio of mass three (HD) to mass two (H.,) currents 
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(1,/T,) for a sample 
Time (s) 
or Time of exposure of a surface element of liquid on 


the sphere absorber (s) 


Absolute temperature (K) 


x Critical temperature (K) 
2 Reduced temperature 
Ay Average velocity of the gas in the absorption 
chamber (cm/s) 
v Liquid velocity at the film surface (cm/s) 
i Liquid velocity along a streamline (cm/s) 
Total volume of the system occupied by gas en 
A Volume of the saturator which contained liquid 


aminomethane Gon) 
Critical volume (emoamol) 


Total volume of the system containing gas plus that 


ii 

portion of the saturator which contained liquid Come) 
9 Molar volume of solute, Equation (2.6) (ea) 

x Coordinate measured from the film surface in a 
negative radial direction (cm) 

x Mole fraction of HD in the liquid phase 

X Mole fraction of HD in the liquid phase in chemical 
equilibrium with the CH,NHD concentration in the 
bulk liquid 

y Coordinate which accounts for the stretching of the 
liquid film Co 

y [HD]/([HD] + [H,]) 

y Mole fraction of HD in the gas phase in equilibrium 
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with the CH.,NHD concentration in the liquid phase 

Mole fraction of HD in the gas phase at t = 0 

Mole fraction of HD in the gas phase 

Separation factor between D and H between aminomethane 
and hydrogen 

Relative volatility of CH.NHD and CH NH, 


NETS 
Property of the solute, Equation (2.6) = o/[ 


yn! 
1000/T (K7+) 

: A : HD : 

Dimensionless ratio of gas concentrations GC defined 
2 
by Equation (3.3) 

: P . 4 HD 
Dimensionless ratio of standard concentrations Gy? 
defined by Equation (3.4) 

Thickness of the liquid film (cm) 
Thickness of the liquid film at the sphere equator (cm) 
Energy of molecular interaction (erg) 


Collision energy of solute molecule, Equation (2.6) 


cm 
oS 
Ss 


Angle measured from the top of the sphere absorber 
(rad) 
i 1/2 

Quantum parameter, Equation (2.6) = h/o(me) 
Viscosity (g/cm s) 
Viscosity of the solvent, Equation (2.6) (cp) 
Kinematic viscosity (omc fis) 

; Be Ae mol 
Molar density of the liquid phase () 

cm 

Density of the gas (orca 


Collision diameter of solute molecules, Equation (2.6) 
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Variable defined by Equation (2.23) 
Maximum value of ~, occurring at 60 = 7 for a 


spherical film 
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APPENDIX A 


DETAILED OPERATING PROCEDURES 


The Exchange Experiment 


The following procedure was used to conduct a hydrogen- 


aminomethane exchange experiment. 


1) 


2) 


3) 


4) 


Start the two auxiliary refrigeration units and cool the feed and 

receiving tanks. 

Open the distributor solenoid valve and evacuate the entire 

exchange apparatus, between the liquid inlet and return valves, to 

less than 5 u. 

Fill the exchange apparatus with ultra high purity hydrogen to a 

pressure of about 25 cm Hg (gauge). The system should be checked 

for leaks by observing the manometer over a period of at least two 
hours. 

Providing there are no leaks, the exchange apparatus may be 

refrigerated in the following manner: 

a) Replace the door on the front of the refrigerated air bath. 

b) Start the circulation fan located inside the air bath. 

c) Turn on the power to the temperature recorder so that the 
suction and discharge temperatures in the "York" refrigeration 
unit can be monitored. 

d) Start the "York" refrigeration unit. 

e) Adjust the setting on the power transformer which controls the 
heater in the air bath to obtain the desired temperature. The 
apparatus should be left overnight since it takes about ten 


hours for a steady temperature to be reached. 
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Remove the hydrogen contained in the receiving tanks with the 
vacuum pump. The pressure in these tanks at the beginning of an 
experimental run should be approximately 5 psia. 

Start the refrigerated methanol circulation pumps which supply 
the coolant to the double pipe heat exchangers located on the 
feed and return lines. This ensures that these lines will be 
cold throughout the run. 

Evacuate the exchange apparatus and then fill the system with 
enriched hydrogen to a pressure of about 25 cm Hg (gauge). 
Introduce some dry aminomethane into the saturator from the 
storage tank and start the hydrogen circulation pump. The gas 
rotameter should read between 15 to 20 percent of full scale. 

Use the cathetometer to measure the distance from the jet nozzle 
to the top of the sphere. Measure a distance on the take off 
tube 1.25 cm below the bottom of the sphere and leave the 
cathetometer in this position. The liquid level in the take off 
tube will eventually be maintained at this height. 

Start the vacuum pump connected to the gas sampling apparatus and 
evacuate the entire sampling system. Close the stopcock (9) (Fig. 
4) so that the absolute pressure is indicated on the manometer. 
Surround the cold traps on the gas sampling system with liquid 
nitrogen and prepare to take the first sample as described in step 
(23). 

Turn on the power to the potentiometer and set the zero. Record 
the readings of the thermocouples located in the liquid and gas 
lines above and below the absorption chamber. 


Open the valves connecting the ultra high purity hydrogen cylinder 
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to the feed tanks and raise the pressure in the tanks to about 40 
psig. All the valves on the feed line except the "Whitey" control 
valve and the bypass valve should be opened. 

Open all valves on the liquid return line except the ball valve. 
Close the distributor solenoid valve. 

The system is now ready for the introduction of the liquid feed. 
Open the bypass valve on the feed line about half a turn. As soon 
as the liquid enters the liquid rotameter, close this valve. Open 
the "Whitey" control valve about 2 1/2 turns. This procedure aids 
in the prevention of solid plugs in the control valve during start 
up. 

The desired liquid level in the entrained hydrogen removal section 
must now be set. This is accomplished by opening the valve 
connecting the top of this section to the atmosphere and allowing 
the liquid level to rise. Care must be taken to maintain a liquid 
seal on the inlet to the distributor, to prevent the hydrogen 
contained in the remainder of the apparatus from escaping. Once 
the desired level is reached close the valve and open the 
distributor solenoid valve. 

The liquid level will now rise in the distributor and enter the 
jet nozzle approach tube. As soon as the liquid wets the sphere 
the timer should be started. Adjust the "Whitey" control valve so 
that the liquid rotameter reads between 70 and 80 percent of full 
scale. This corresponds to a liquid flowrate of approximately 
0;275¥eefsect 

The liquid in the take off tube should be drained to the return 


tanks when the level reaches about half way up the tube. This can 
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be accomplished by opening the ball valve located on the liquid 

return line. The liquid should be drained three or four times 

in this manner to prevent solid plugs from forming in the 

metering valve. 

The liquid return bypass valve may now be closed and the liquid 

level in the take off tube adjusted to the proper height with the 

metering valve. 

Close the distributor solenoid valve when the liquid level in the 

distributor rises to about two inches above the top of the liquid 

approach tube. 

Maintain the liquid flowrate and the liquid level in the take off 

tube at the proper values by adjusting the respective control 

valves. 

The first gas sample can be taken at approximately 400 seconds 

after the clock was started, in the following manner. All 

numbers in parentheses refer to equipment locations on Figure 4. 

a) At least 300 seconds before the sample time attach a sample 
bomb to the ground glass joint (7). 

b) Evacuate both the valve side and the sample side of the 
sample bomb. Close the stopcock on the sample bomb. 

c) About 50 seconds before the desired sample time, close the 
vacuum valve (2) and the stopcock (4). Open the sample valve 
(1) and allow a sample into the sample volume (3). 

d) Close the sample valve and discard the sample by opening the 
vacuum valve. This procedure flushes the sample lines so 
that a true sample is obtained at the desired sampling time. 


e) Close the vacuum valve after the sample is completely pumped 
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out. 

f) Open the sample valve (1) when the clock indicates the desired 
sampling time. Allow sufficient time for the sample to enter 
the sample volume, about 3 seconds, and then close the valve. 

g) Open stopcock (4). The sample pressure will be indicated on 
the manometer (11). 

h) Open and then close the stopcock on the sample bomb. A decrease 
in the pressure should be noted on the manometer as the sample 
enters the bomb. Close stopcock (6) and remove the sample bomb. 

i) Evacuate the system by opening valve (2) and attach the next 
sample bomb. 

j) The readings from the thermocouples described in step (10), the 
liquid and gas rotameter readings and the system pressure 
should be recorded after each sample is withdrawn. 

Take samples, as described in step (23), at intervals of 600 to 1000 

seconds until a sufficient number are available. A minimum of eight 

samples should be taken for each experimental run. 

After the last sample has been taken close the shut off valve on the 

feed line. Close the liquid feed line on the feed tanks and open 

the corresponding valve on the return tanks. Open the shut off 
valve on the feed line and allow the liquid in the distributor and 
dissolved hydrogen removal section to drain back to the return tanks. 

Close the feed line shut off valve. 

Drain the liquid remaining in the take off tube and the return line 

and then close the ball valve on the return line. 

Measure the distance from the top of the saturator to the liquid 


aminomethane level. Immerse the dry amine storage tank in liquid 
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nitrogen and open the saturator solenoid valve. Allow the amine 
to return to the storage tank and then close the solenoid valve. 

28) Turn off the power to the hydrogen circulation pump, the 
circulating fan, the air bath heater and the methanol circulation 
pumps. Switch off the discharge solenoid valve on the "York" 
refrigeration unit and wait two or three minutes. Turn off the 
refrigeration unit. 

29) Open the pressure relief valve on the exchange apparatus. 

30) Remove the liquid nitrogen Dewar flasks from the cold traps on the 
sampling system and pump out the condensed amine. 

31) Close the valve connecting the hydrogen cylinder to the liquid feed 
tanks. 

32) Allow sufficient time for the exchange apparatus to return to room 
temperature. This will generally take until the next day. 

33) Remove the door from the refrigerated air bath. Take apart the 
"Swagelok"' fitting nearest the liquid return shut off valve, to 
allow the wash alcohol to drain out. 

34) Open the methanol wash valve on the feed line and pump alcohol 
through the system. When the system is clean turn off the pump and 
drain as much alcohol as possible to the dump tank. 

35) Fasten the "Swagelok" fitting and close the methanol wash valve. 


Evacuate the system to remove the remaining alcohol. 


A.2 Catalyst Solution Make-Up 


Potassium and lithium react violently with air or water, 
consequently caution must be exercised when working with these metals. 


The following procedure was used to make up the catalyst solutions. 
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The aminomethane used in this study, purchased from Matheson of 


Canada Ltd., contained a maximum of 0.8 weight percent water. This 


water is removed by contacting the amine with an excess of lithium 


in 


a) 


b) 


c) 


d) 


e) 


f) 


g) 


h) 


i) 


the following manner: 


Evacuate a clean make-up tank, shown in Figure 5. Fill the 
tank with argon to a pressure of about 5 psig. This provides 
an inert, heavier than air, atmosphere for the introduction of 
the lithium. 

Calculate the minimum amount of lithium required to completely 
remove all the water from the amount of amine to be dried. 

The lithium is obtained from A.D. MacKay Inc. in stick form. 
Although stored under paraffin oil it is generally coated with 
an oxide layer. Scrape this layer off a small excess of 
lithium under oil, so that a clean, shiny surface is exposed. 
Cut the sticks into approximately half inch lengths to provide 
a larger surface area for the subsequent reaction with the water. 
Wash off the paraffin oil with normal pentane and put the 
lithium pieces in the tank. 

Evacuate the tank to remove the argon and pentane. 

Connect the vapor line of the tank to the aminomethane cylinder 
and evacuate the connecting line. 

Immerse the tank in liquid nitrogen and open the valves 
connecting it with the amine cylinder. The amine will distill 
into the make-up tank by virtue of the temperature difference. 
The amount of amine transferred may be determined by weighing 
the aminomethane cylinder before and after the distillation. 


The reaction of the lithium with the water and the aminomethane 
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produces hydrogen, resulting in an increasing pressure in the 
tank. A relief valve, set to relieve at about 80 psig, is 
connected to the tank to provide protection against a possible 
rupture due to excessive pressure. Whenever the pressure in the 
tank is greater than atmospheric, open the valves connecting the 
tank to the relief valve. 

4) Periodically bleed the pressure off the tank to about 40 psig. 
The reaction can be considered to have gone to completion when 
no further pressure increase is observed. 

The aminomethane is now dry and ready for use in a catalyst solution. 

Calculate the amount of potassium and lithium required for the 

desired solution. Follow the procedure described in step (1) to 

prepare the solution, using the dried amine. The potassium is 
cleaned and cut in the same manner as the lithium. 

Evacuate and refrigerate the feed tanks. The catalyst solution may 

be transferred into the feed tanks, through the dip tube on the 


make-up tank, under the vapor pressure of the amine. 
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APPENDIX B 


SAMPLE CALCULATION 


The values of the rate constants, ky) (siceme were calculated 
from the experimental data in the following manner. The experiment 


conducted on October 1, 1975 is used in this calculation. 


B-1 Calculation of the Absolute Concentrations of the Gas Samples 

The experimental measurements are listed in Table B-l. 

Columns 1 and 2 contain the sample times and the sample bomb numbers, 
respectively. The liquid flowrate (column 3) was recorded as the actual 
rotameter reading. Readings from two thermocouples (columns 4 and 5) 
were recorded. The temperature of the gas leaving the absorber was 
measured with thermocouple 15. Thermocouple 13 was employed to measure 
the temperature of the liquid entering the absorber, which was 
subsequently used as the system temperature. The system pressure, 
recorded in column 6, was used in the estimation of the diffusivity of 
HD in the gas phase. The initial pressure was used in this calculation. 
Column 7 contains the ratios of the HD to H, signals (R*) of the gas 
samples, measured on the mass spectrometer, at a constant value of the 
mass two current of 2.4 x hoe amperes. 

Four standards, with known deuterium concentrations, were 
analyzed with the gas samples to provide a calibration curve for the 
mass spectrometer. The measured and absolute values of these standards 
are given in Table B-2. The 471 ppm standard was not analyzed after 
the samples, for this particular experiment. 

The analysis of the standards was converted in the following 


manner. 
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TABLE B-1 


KINETIC EXPERIMENT DATA SHEET 


Date: 1/10/75 Barometric Pressure: 70.5 cm Hg 
Jet Length: 0.340 cm Barometric Temperature: 20.0°C 


Take-off Height: 1.25 cm 


Sample Liquid Thermocouples System 
Time Bomb Rotameter 13 am Pressure 6 
(s) Number Reading (m.v.) (cm Hg) R* x 10 
0 =05779 =O OU) 

400 16 6.8 -0.770 -0.771 JDO 423.0 
1000 38 6.8 -0.766 —Ue7 O77 92.0 361.4 
1700 56 6.7 -0.759 =O. 7/57 906 wo lead 
2420 50 6)..9 -0.758 -0.759 88.8 238.8 
3100 47 6.9 -0.757 -0.756 86.8 196.3 
3900 37 ica) =e 5 Oe] 85.4 154.1 
4700 109 61.9 -Of po -0.750 83.6 120.4 
5600 3 730 =O 736 -0.746 82.4 Uae 


6300 40 =-0.756 -0.747 80.4 7 Lao 
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TABLE B-2 


MASS SPECTROMETER ANALYSIS OF THE GAS STANDARDS 


R*¥ x 10° D/H Absolute (ppm) 
-48.3 i ee 
LARZ 99 
Before 
318.8 365 
ABa a 471 
-48.8 ns 
After 69.2 99 
SL5ORL 365 
TABLE B-3 
CONVERTED FORM OF THE GAS STANDARD ANALYSIS 
Spr st 
-1152.0 -995.9 
-777.0 -728.8 
Before 
O50 0.0 
362.0 290.4 
~1155.0 -995.9 
-780.0 -728.8 
After 
0.0 O50 
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Res 

ot 7 NW - 1) 1000 (3.3) 
st 
c,* 

Se er ~ 1) 1000 (3.4) 


where the terms in the above equations have been defined in Chapter 3. 


The 365 ppm standard was chosen as the principal standard so that Ri. = 


$13.3 and) 3154.) and Coe = 365 ppm. Table B-3 lists the results of the 


above calculations, which were fit to a linear equation using the least 


square method. The resulting calibration equation is of the form 


Spyz = By sta Boost (Bed) 
where By = 23.86 
B, = 1.16 


The measured R* values of the samples were converted to their 
corresponding Spr values, using Equation (3.3), with an average value 


of Rot given by 


Peolouont esto. Lys 
Re+ (mean) = era i gr 817.6 


Equation (3.4) was then used to determine the values of eh for the 
samples, from which the absolute concentrations were calculated with 
Equation (B.1). The initial sample was taken 400 seconds after the 
amine solution entered the absorber, to allow sufficient time for the 
system to stabilize. Consequently the time axis was shifted 400 seconds 
so that the time at which the first sample was withdrawn coincided with 
t=0. The corrected times and the absolute concentrations of the 


hydrogen samples are given in Table B-4 and plotted on Figure B-l. 
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CONCENTRATION OF DEUTERIUM IN GAS PHASE, y (ppm) 


Figure B-1: 
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Concentration of Deuterium in Hydrogen vs Time 


Fe 


rey oe 


4 r - i 
ieee eee ee ee ee 


Y 


y weegoningh, ak aubrosne ‘db #0 ots 


mee Oous 000s 


feyaur 
[ 7 ; 


= 


ra’ 


~~ 


id 
oh 


basi «Ch 


re 
‘ an ¢ 


94 


B-2 Estimation of the Overall Liquid Phase Transfer Coefficient (K, ) 
An approximate mass balance indicated that the concentration 
of deuterium in the amine increased by about 1 ppm during an 
experimental run. The equilibrium concentration of the hydrogen in 
contact with the aminomethane at -28.5°C, measured after the subsequent 


experiment, was 22 ppm. The separation factor (a), defined as 


(Be 2) 


where x, = equilibrium concentration of deuterium in the aminomethane 


(ppm) 


ve equilibrium concentration in the hydrogen (ppm) 

at -28.5°C is 5.37, indicating an equilibrium concentration in the liquid 
phase of 118.2 ppm. Consequently the value of X, used in this 
calculation was 117.2 ppm. The system temperature, found by linear 
interpolation of the copper-constantan thermocouple tables for an average 


reading of -0.758 mv, was -20.1°C. The corresponding separation factor 


is 4.97. From Equation (B.2) 


Lisp tou. 
Yeo7 pou ee Pe 
This value of y, was then used to calculate the values of In ayer 
in e 
These values are given in Table B-5 and plotted on Figure B-2. vs. is 


the deuterium concentration in the hydrogen at t = 0. 


The slope (-k*) of the least squares line through the points 
he) os 
of in(—-——) vs t is 
Yin Ye 
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Figure B-2: 
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TABLE B-4 


VALUES OF THE ABSOLUTE D/H CONCENTRATION VS TIME 


t of 

(s) (ppm) 
0 463 
600 402 
1300 328 
2020 280 
2700 229 
3500 195 
4300 162 
5200 Lay 
5900 113 

TABLE B-5 


VALUES OF CUMULATIVE DEPLETION VS TIME 


e 

ton a ae ‘ Ye 

0 0.0 

600 -0.1504 
1300 -0.3664 
2020 -0.5406 
2700 we a er 
3500 -0.9407 
4300 “151585 
5200 -1.4489 
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where the symbols of Equation (B.3) have been defined in Chapter 3. The 


value of -k* for this calculation is 2.73 x 1074 ies 


Calculation of the Interfacial Area 


Sphere diameter = 3.81 cm 
Jet diameter = 0.046 cm 
Jet length = 0.34 cm 


Liquid film thickness at the sphere equator = 0.0065 cm 
2 2 Z 
Area of dry sphere = Td, = 7(3.81) = 45.6 cm 
The area of the sphere corrected for the film thickness with Equation 


(3.6) was 


2-58(0.0065), 
10905 


> 
i 


45.6. Clot 


46.00 ne 


Calculation of the area of the jet yielded 


> 
II 


md 2 = 7(0.046) (0.34) 


2 


0.049 cm 
The total interfacial area, using Equation (3.7) was 


A, = 46.00 + 0.049 = 46.05 hg 


Density of the Aminomethane 


The liquid density (07) was calculated with a correlation 


developed by Moore (11), shown as 


Bi 
By. ay + aT + a,T (B.4) 


where ay = 0.9058 
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a, = -4.0095 x ome 
ay = LST Tox ior. 
T = temperature (°K) 
Therefore 
p, = 0.9058 - 4.0095 x 107* (253.1) - 1.4577 x oes Osse aly 


0.7110 g/cc 


Henry's Law Coefficient 


The value of the Henry's law coefficient calculated with 


Equation (2.5) was 


1000 
2S wl 


LOOO 2 


In H = 4.1403 + 1.6612(¢ 753 D 


) - 0.1160¢ 


or 


atm 


ee fea mole fraction 


Volume of the System Occupied by Gas 


The system gas volume (Vp) > including the saturator, was 
measured by Kalra (12) to be 2564.8 cc. The volume of liquid aminomethane 
contained in the saturator (V,) was subtracted from this figure to obtain 


the volume of the system actually filled with gas, in the following 


manner. 
Cross sectional area of saturator = 5.344 aap 
Length of saturator =) 20.527 cm 
Portion of saturator occupied by gas = 12.91 cm 
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Therefore 
Mites 5.344(20.32 - 12.91) 
=) 3920. eC 
and 
V= Ve - Va = 2564.8 - 39.6 
= 2525.2, ee 


where V = volume of the system occupied by gas (cc) 
The system properties evaluated above may be substituted into 
Equation (B.3) to yield a value of the overall liquid phase transfer 


coefficient, as follows 


_ _k*HV atm a3 a °K g-mole 


here s mole fraction ae g on °K 


(2.73 x 107“) (7290) (2525.2) (31.1) cm 
(46.05) (0.7110) (82.06) (253.1) s 


057793. — 
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B-3 Estimation of the Gas Phase Resistance to Mass Transfer 
An estimation of the gas phase mass transfer coefficient was 
obtained with Equation (3.16). The liquid phase transfer coefficient 


was then calculated with Equation (3.13). 


Diffusivity of HD in the Gas Phase 


The diffusivity of HD in the gas phase was estimated with the 
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Wilke-Lee modification of the Hirschfelder-Bird-Spotz method, Equation 


(3.14), as illustrated below. 


1. 


in reference (22). 


Molecular weight of CH,NH,, (M 


Estimation of the Diffusivity of HD in Pure 


Molecular weight of HD Cr 


Il 


(2.998 x 10. 


Dim 


B) 


It 


253 CLK 
=) 92014 atm 


= 3.554 A 


= 2.998 x 10. 


=0 2.525 x 10" 


x 253 01)%2 525. = pone 


3. 


2 


culo oe1) 


The collision function (FS) was estimated using Figure 2.5 


calculated was 


D 


vl 1 3/2 
7 (0.00107 - 0.000246 3121 aS 3.0) (253-1) 31.1 


CH.NH,-HD _ 
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The value obtained was 0.524. 
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2. Estimation of the Diffusivity of HD in Pure H 


2 
Molecular weight of H, = 2.0 
"y,-HD = 2.963 A 
K/ey =" 3.003 x ici 
z 

RY EGR PS Ro Ato eae 

——— = y (3.003 10 1253.1) (eso ae ROR 0 5ae) 
H,-HD 
2 
= 6.97 


and FS) = 0.397. 


Substitution in Equation (3.14), yielded 


(0.00107 - 0.000246 ++ >) (253.1) 3/7 yi H ; 
HCH e re at SOR COE Se jk st eA aem cae 


2 (2.14) (2.963) 2 (0.397) 


2 
Ou16 = 
S 


3. Estimation of the Diffusivity of HD in the Mixture 
The following equation was used to calculate the vapor 


pressure of the aminomethane at the temperature of the system. 


C 
2 
ln * CH NH, = Cc) a T AR CT Se C, Sirah! (B25) 
where C, = 100.906 
Cc, = -5716.32 
C3 = 0.02248 
C, = -15.3 
Pon NH. = Vapor pressure of CH..NH,, (atm) 
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Therefore 
2 876. 32 
ln * CHNHL, = 100.906 SEs ee OC 0224810253 ce boat ela 0253, 19) 
= -0.6597 
or 
P = 0.517 atm 
CH.NH, 


The mole fractions aminomethane and hydrogen in the gas phase were 


calculated as 


ey ohh ae 
YCH.NH P 2.14 
3s 
and 
Pay 
Be ty en eT es 
BH, oe 2.14 


Equation (3.15) was used to estimate the diffusivity of 


hydrogen deuteride in the mixture as follows 


mix y y 
H, CH NH, 


D D 
9 CH,NH, —HD 


05758 mi0t 2a (3.15) 
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Viscosity of Gas Phase 
1. Estimation of the Viscosity of Pure H 


2 


The following correlation (23) was used. 


OS He Neel OIE ae? he 


G73.0? 


8.411 x 10. 


5S 
at | 
It 


(B.6) 


~3 ,253.1,0.695 _ 
Se4iL1 x. £0 (553.0 = 0.00789 cp 


2. Estimation of the Viscosity of Pure CH.NH., 
The Bromley and Wilke modification of the Hirschfelder method 


(24) was used, as shown below. 


0.0333. (0r,) 1/7 
came RR cr ra CECE S338 T)) (B.7) 
V 
G 
where u = viscosity (cp) 
To = critical temperature (°K) 
Ve = critical volume (cc/g-mole) 
F(1.33 T_) = 1.058 ay a 2 ne eS 
(1.9 T) i : = 
T, = reduced temperature 


The required constants for aminomethane are 


ih 430.0 °K 


C 


Yo 


143.8 cc/g-mole 


Calculation of the reduced temperature of CH.NH,, yielded 
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3. Estimation of 
The vis 


equation (24). 


mix 
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0.645 _ 
(1.9 x 0.589) 


0.261 


1.058(0.589) 0.9 log (1.9 x 0.589) 


492 


_ 0,00333(31.1 x 430.0)!/ 


(0.492) 
(143.8)2/3 


0.00690 cp 


the Viscosity of the Mixture 


cosity of the mixture was estimated using the following 


ny 


(yo/y,)E1 + Gifu? 


L/ 452 


(M,/M, "J 


sk 
(4/72) [1 + (M,/M,)] 


u 
Z 
(y4/y¥y) [2 + Guy /uy) 7 My)? 
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Gas Phase Reynold's Number 


The gas phase Reynolds number may be expressed as 
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(5.9) 


R, ' oe Po 
mix 
where R. = Reynold's number 
R = radius of the sphere 
Vay = average velocity of the gas in the absorption chamber 
(cm/sec) 
Ce density of the gas (g/cc) 


1. Estimation of the Gas Velocity 


The calibration curve for the gas rotameter reading of 16% of 


full scale indicated a flowrate of 5.2 fey ne Of airegat | atm>and 70°F. 


This was converted to the corresponding flowrate of the H,-amine mixture 


at these standard conditions with the following equation. 


: SG ge, 
scc/s air = scc/s metered gas 1.0 294.3 ne 


Therefore 


‘ 3 6) 
Flowrate of H,-amine (5.2) (28317) a ) 
mixture at standard = ES Re 
00 (— 
conditions 36 coe, 
9.03 203 1 
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The ideal gas law was then used to obtain the volumetric flowrate at the 


experimental conditions, yielding 


Ree 
P 
Volumetric Flowrate = 116 304 
Sia 
Ss 


The diameter of the absorption chamber was 7.62 cm, therefore 


5.02 
2 
nen (1262 Nate 


av 4 


cm 


tLe eee 
Ss 


2. Estimation of the Gas Density 


The molecular weight of the gas mixture was calculated as 


follows. 


Men. = Cae) eta (y ) 
mix "Hy ES CH,NH, ~ CH,NH, 


lt 


2 oe 
Za (0/50) eee el (0.242) 9.04 Seay 


Using the ideal gas law the gas density was 


4 n Mix 4 P Maix Aponte mols oR yale 
ae Vv RT mol 3 eK 
atm 
_ (2.14) (9.04) 4 g 


S (RmOEOSGmI et ee 


Calculation of Reynolds number yielded 
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a2), GIR 905). 21) (9.3 x Tongs an St Le Gms 
(0.00819) x 10° car rene 


= 47.6 


Equation (3.16) was then evaluated to yield a value of the 


gas phase mass transfer coefficient as follows. 


_ “mix 1/2°, mix . 193 
Ky = eit + 0.276 Ret 
G mix 
35 
ea 7nG7 6) Ce nie) 


1.905 9.3 x 10°*(0.298) 


0.355 Boge 
shcasch SI = 


cm 


and 


0.355 mol Be mol °K i 


Go) 82.06 (25301 )aee 2 vanadate 


eee OL 


1.70 x 10) 
s cm atm 


Substitution of k, and K in Equation (3.13) yielded a value 


G 


of ky» as follows 
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fins oeatae aL 
H k 
g 
Or 7110 
1 : 
POD bet oat =5 (3.13) 
(7290) (1.70 x 10 ~) 
= 4.168 s/cm 
or 
ke = 0.2399 cm/s 


B-4 Estimation of the First Order Rate Constant 


Since the reaction occurred in the fast reaction regime, 


Equation (2.34) was used to evaluate the rate constant. The diffusivity 


of HD in aminomethane 


(12), as follows. 


Sea =H, . 


or 


The diffusivity of HD 


for H, as 


was estimated using the method described by Kalra 


-2.25564 - 0.432524 a) 
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—2.25564 - 0.432524 653.) (B. 11) 
-3.9644 
x 107" ene 


in aminomethane was expressed as a fraction of that 
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Equation (2.34) 


therefore 


_ (0.2399)7 
9.87 x 10° 


x 
i] 


0.9102 (1.085 x 10. 
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APPENDIX C 


DETAILED EXPERIMENTAL DATA 


fag 


RUN NOw’ 1 JUNE 05/74 


CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE 0.000 
POTASSIUM AMIDE 0.310 
SYSTEM TEMPERATURE (DEG C) ~41.9 
TOTAL INITIAL PRESSURE (ATM) 1.589 
GAS VOLUME (CC) 2530.7 
INTERFACIAL AREA (SQ.CM) 464.10 
MONOME THYLAMINE DENSITY (G/CC) 0.7352 
LIQUID FLOWRATE (CC/SEC) 0.258 
GAS FLOWRATE (CC/SEC) 50.2 
HENRY'S LAW COFFFICIENT (ATM/MOLE FRACTION) Garde 
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) 0.680E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) Zee 
LIQUID PHASE FOUILIBRIUM CONCENTRATION (PPM) 130.6 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.906 
MOLE FRACTION AMINE IN GAS PHASE 0.094 
DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SEC) 0.4176 
VISCOSITY OF HYDROGEN GAS (CP) 0.00751 
VISCOSITY OF AMINE VAPOR (CP) 0.00630 
VISCOSITY OF GAS MIXTURE (CP) 0.00779 
DENSITY OF GAS PHASE (G/CC) 0.00039 
GAS PHASE REYNOLD'S NUMBER Pie 
OVERALL LIQUID PHASE TRANSFER 0.0937 
COEFFICIENT (CM/SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.4373 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LIQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 0.0947 
FIRST ORDER RATE CONSTANT (1/SEC) 3 esi 
TIME GAS PHASE DEUTERIUM  LN((Y-YE)/(YI-YE)) 
(SEC) CONCENTRATION (PPM) 
0.0 47761 0.0000 
400.0 456.7 0.0458 
950.0 448.8 -0.0642 
1300.0 434.4 -0.0984 
2200.0 411.8 021546 
3100.0 384.1 -0.2282 
3800.0 356.0 -0.3089 
4400.0 345.6 0.3403 
5800.0 312.0 -0 +4496 
6700.0 289.7 -0.5296 
7600.0 271.9 ~0.5981 
8500.0 255.6 0.6654 
9400.0 2372 -0.7471 


10300.0 220.1 “0.8298 
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TIME GAS PHASE DEUTERIUM ING Oe Vise) eee PY Ey 
Loe€) CONCENTRATION (PPM) 
11200.0 206.8 —eU vor 


11800.0 194.5 -0.9674 


RUN NO. 2 JUNE 18/74 


CATALYST CONCENTRATION (M EQ/G) 


UL 


LITHIUM AMIDE 0.000 
POTASSTUM AMIDE Ons 10 
SYSTEM TEMPERATURE CDEG® C) ~25 64 
TOTAL INITIAL PRESSURE (ATM) pede ae: 
GAS VOLUME (CC) ZZ et 
INTERFACIAL AREA (SQ.CM) 46.06 
MONOMETHYLAMINE DENSITY (G/CC) OW TTTO 
BINUTO? PLOWRATES (CE/GEC) 0.278 
GAS FLOWRATE (CC/SEC) 5062 
HENRY S® DAW COEFFICIENT (CATM/MOLE FRACTION) CTD TO 
HOHAMINE: DIF PUSINETY® USOLCGM/ SEC ) 0.907E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 2rerz 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 131.6 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.800 
MOLE FRACTION AMINE IN GAS PHASE 0.200 
DAPrUSINGTY OF HD@ IN’ GAS° PHASE? (SO.CM7SEC>) 0.3304 
ViSGUSINY? OF HY DRGGEN® GAS@ (CP) 0.00786 
VISCOSITY OF AMINE VAPOR (CP) 0.00675 
VISCOSITY? OF GASs MIXTURE: CCP) 0.00812 
DENSE TY OF GASe PHASE” (67 CO) 0.00075 
GAS PHASE REYNOLD'S NUMBER 38.7 
OVERALL LIQUID PHASE TRANSFER OF LGD 
COEFFICIENT! (CM7SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3796 
(G MOLE? (SEC- SOS CM(G™ MOL'E7CC) )) 
LILOUT DU PHASES TRANSFERS COEFFICIENT’ COM/S EC) Ob ps ie rd 
FIRST ORDER RATE CONSTANT (1/SEC) 36346 
TIME GAS > PHASER DEUTERIUM ENMU SVEO 7AYEeY ESS 
(SECU CONCENTRATION (PPM) 
0.0 361.9 020000 
890.0 Sle? =O 107 7 
1790.0 26864 TON Sao! 
2490.0 23344 -0.4804 
3490.0 198.7 -0'. 6632 
4490.0 169.0 =-O'S 3510 
5190.0 148.2 eat ly flu AY Leo 
6490.0 Lies S Gilg sean hes) 
7490.0 103.0 —Ts465T 


8050.0 97.6 set ao eh) 
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RUN NOw; 3 JUNE 27/74 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


DTOUID FLOWRATE (CC/SEC) 

GAS: FLOWRATE (€C/SEC) 

HENRY*S LAW COEFFICIENT (ATM/MOLE FRACTION) 
MD=AMINE DIFFUSIVITY (SO.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


DIFFUSIVITY OF HD IN GAS PHASE (SQO.CM/SEC) 
VISCOSITY -OF HYDROGEN GAS (CP) 

VISCOSITY OF AMINE VAPOR (CP) 

VISCOSITY OF GAS, MIXTURE (CP) 


DENSITY OF GAS PHASE G/CC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COEFFICIENT (CM/SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 

(G MOLE/7(SEC SQO.CM(G MOLE/CC))) 
LIQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 
FIRST ORDER RATE CONSTANT (1/SEC) 


0.000 
0.310 
~38.1 


Leb97 


2528.4 
46.06 
Os 73 Fi 


0.230 


new 4 
9041.8 
0.729E- 


2260 


132.6 
0.889 
O.T21 


0.3902 


0.00758 
0.00639 
0.00787 


0.00045 
2424 
0.1141 


0.4182 


PS h) Bod) 
Loses 


TIME GAS PHASE DEUTERIUM LOVE 7 {Yale ed 
(SEC) CONCENTRATION (PPM) 
0.0 260.3 0.0000 
500.0 248.8 -0.0497 
2300.0 211.4 -~0.2301 
3200.0 190.6 -0.3471 
4100.0 179.0 -0.4182 
5000.0 164.4 ~0 54257 
5900.0 Be eae -0.6104 
6800.0 138.8 ~O.f1 7 
7700.0 L283 =0.81072 
8600.0 120.6 -0.8853 
9500.0 110.9 -0.9900 
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RUN NOw; 4 JULY 11/74 
CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE 0.000 
POTASSIUM AMIDE 0.310 
SY OTEM TEMPERATURE (DEG C) ey Wed 
TOTAL INITIAL PRESSURE (ATM) beot9 
GAS VOLUME (CC) age WE ee. 
INTERFACIAL AREA (SQ.CM) 46.03 
MONOMETHYLAMINE DENSITY (G/CC) 0.7123 
LIQUID FLOWRATE (CC/SEC) 0.206 
GAS FLOWRATE (CC/SEC) 50.2 
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 1388.2 
HD-AMINE DIFFUSIVITY {SO.CM/SEC) 0.969E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 26.26 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 133.6 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.741 
MOLE FRACTION AMINE IN GAS PHASE 0.259 
DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SEC) 0.3279 
VISCOSITY OF HYDROGEN GAS (CP) 8200 195 
VISCOSITY OF AMINE VAPOR (CP) 0.00686 
VISCOSITY OF GAS MIXTURE (CP) 0.00812 
DENSITY OF GAS PHASE (G/CC) 0.00086 
GAS PHASE REYNOLD'*S NUMBER 44.6 
OVERALL LIQUID PHASE TRANSFER 0.2043 
COEFFICIENT (CM/SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT Ge3s71 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LIQUID PHASE TRANSFER CGEFFICILENT COM/SEC) 0.2115 
FIRST ORDER RATE CONSTANT (1/SEC) 461.5 
TIME GAS PHASE DEUTERIUM EG OVW ONE TE Y) 
(SEC) CONCENTRATION (PPM) 
0.0 436.5 0.0000 
500.0 399.0 = Ole 99 
1000.0 35%. 1 -0.2074 
1500.0 32029 etait 
2000.0 aD Se; ¥ -0.4304 
2900.0 24261 -0.6428 
3800.0 202.1 -0.8485 
4800.0 165.1 -1.0849 
5800.0 La e9 =~ SO 
6800.0 PZ. ¢ =] 2602 
7800.0 93.4 -1.8144 
8800.0 1724 -2.0883 
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RUN NOw 5 


CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE 


POTASSIUM AMIDE 
SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 


GAS VOLUME 
INTERFACIAL AREA 


(SQ.CM) 


MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID FLOWRATE 


(CC/SEC) 


GAS FROWRATE (€C/SEC) 


HENRY *S LAW COEFFICIENT 


HD-AMINE DIFFUSIVITY (SQ.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION 


LIQUID PHASE EQUILIBRIUM CONCENTRATION 
MOLE FRACTION HYDROGEN IN GAS PHASE 


MOLE FRACTION AMINE IN GAS PHASE 


DrEEUSTVITY OF HD IN GAS PHASE 


VESCGSITY OF HYDROGEN GAS (CP) 
VISCOSITY OF AMINE VAPOR (CP) 
VISCOSITY OF GAS MIXTURE (CP) 


DENSITY OF GAS PHASE (G/CC) 


GAS PHASE REYNOLD'S NUMBER 
OVERALL LIQUID PHASE TRANSFER 


COEFFICIENT 
GAS PHASE MASS TRANSFER COEFFICIENT 


(CM/SEC) 


(G MOLE/(SEC SO.CM(G MOLE/CC))) 


LIQUID PHASE TRANSFER GOEFERCIENT 


FIRST ORDER RATE CONSTANT (1/SEC) 


TIME 

(SEC) 
0.0 
800.0 
1700.0 
2600.0 
3500.0 
4400.0 
6200.0 


GAS PHASE DEUTERIUM 


CONCENTRATION (PPM) 
331.2 
320.9 
312.0 
298.6 
2390.1 
Ate. 9 
257.4 


JULY 12/74 


(ATM/MOLE FRACTION) 


(PPM) 


(PPM) 


(SQ.CM/SEC ) 


(CM/SEC ) 


116 


0.000 
0.310 
-52.9 


1.671 


JD LO. 2 
46.10 
0.1468 


0.216 


50.2 
10853.0 
0.549E-04 


19.6 

134.26 
0.957 
0.043 


0.3945 


0.00724 
0.00598 
0.00743 


0.00030 
nG.9 
0.0592 


0.4093 


0.0595 
64.4 
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RUN NUS 6 FEBs 05/7 75 


CATALYST CONCENTRATION (M EQ/G) 


ga OF 


LITHIUM AMIDE 0.300 
POTASSIUM AMIDE 0.300 
SYSTEM TEMPERATURE (DEG C) -24.8 
TOTAL INITIAL PRESSURE (ATM) 2.057 
GAS VOLUME (CC) 2550.7 
INTERFACIAL AREA (SQ.CM) 46.07 
MONOMETHYLAMINE DENSTTY (G/CC) 0.7164 
LIQUID FLOWRATE (CC/SEC) 0.270 
GAS FLOWRATE (CC/SEC) 50.2 
HENRY*®S LAW COEFFICIENT (ATM/MOLE FRACTION) 710667 
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) 0.915E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 24-1 
LIQUID PHASE FOUILIBRIUM CONCENTRATION (PPM) 125 ¢0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.804 
MOLE FRACTION AMINE IN GAS PHASE 0.196 
DIFFUSIVITY OF HD IN GAS PHASE (SO.CM/SEC) 0.3184 
VISCOSITY GF HYDROGEN GAS (CP) 0.00787 
VISCOSITY OF AMINE VAPOR (CP) 0.00676 
VISCOSITY GF GAS! MIXTURE (CP) 0.00814 
DENSITY OF GAS PHASE (G/CC) 0.00077 
GAS PHASE REYNOLD'S NUMBER a9 69 
OVERALL LIQUID PHASE TRANSFER 0.1102 
COEFFICIENT: (CM/SEC} 
GAS PHASE MASS TRANSFER COEFFICIENT O6359'3 
(G MOLE/(SEC SO.CM(G MOLE/CC))) 
LIQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 0.1122 
FIRST ORDER RATE CONSTANT (1/SEC) 137.4 
TIME GAS PHASE DEUTERIUM RNA Ye VES CYL RYE?) 
(SEC) CONCENTRATION (PPM) 
0.0 488.4 0.0000 
300.0 477.0 -0.0250 
600.0 454.6 -0.0/57 
950.0 437.5 -0.1161 
1200.0 430.2 =0.1339 
1790.0 409.7 “Ocho 
2200.0 386.4 -0.2482 
2700.0 362-4 —O «S867 
3600.0 S2liet -0.4467 
4500.0 2832 ~O.. 5643 
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CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


ETeUTD FLOWRATE €66/SECG) 

GAS FLOWRATE (CC/SEC) 

HENRY'*'S LAW COEFFICIENT (ATM/MOLE FRACTION) 
HD-AMINE DIFFUSIVITY (SOQ.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SEC) 
VISGOSITY GF HYDROGEN GAS (CP) 

VISCOSITY OF AMINE VAPOR (CP) 

VISCOSITY OF GAS MIXTURE (CP) 


DENSITY OF GAS PHASE (G/GC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COEFFICIENT (CM/SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 

(6G MOLE/(SEG SQsCM(G MOLE/CC) )) 
GLGUED PHASE TRANSFER GOEFFICEENT _€@M/SEG) 
FIRST GRUBER RATE CONSTANT €27 SEC) 


TIME GAS PHASE DEUTERIUM 

CSeG) CONCENTRATION (PPM) 
0.0 454.6 0.0000 
500.0 439.3 =O NU SOU 
1000.0 428.4 =OeVo2 3 
1500.0 413.4 =O 1L00Z2 
2000.0 405.4 =OeEZUC 
2900.0 35644 =Oe25t5 
3800.0 342.6 —GeZoo9 
4700.0 TE eS = 55523 
5600.0 296.8 -0.4544 
6500.0 24 RE: =e 22.2 
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0.300 
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0.00770 
0.00654 
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0.00056 
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RUN TNO. "8 "*REB.. “WG7/7S 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYSTEM TEEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID FLOWRATE (CC/SEC) 

GAS FLOWRATE (CC/SEC) 

HENRY*S LAW COEFFICIENT (ATM/MOLE FRACTION) 
HDSAMINE DIFFUSIVITY (SO.CM/ SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


DIFFUSIVITY OF ‘HD IN GAS PHASE (SQsCM7SEC) 
VISCOSITY GF HYDROGEN GAS (CP) 

VISCOSITY OF AMINE VAPOR (CP) 

VISCOSITY OF GAS MIXTURE (GP) 


DENSITY OF GAS PHASE (G/CC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COEFFICIENT (CM/7SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 

(iG MDLE/(SEC SQ.CM(G MDBLE/CC))) 
LIQUID PHASE TRANSFER COEFFICIENT (CM7SEC) 
FIRST ORDER RATE CONSTANT (1/SEC) 


0.300 
0.300 
-38 art 


1.862 
2536.29 
46.08 
0.7316 


0.238 
50.2 
F099 .4 
TNS kd aes 
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27.0 
0.902 
0.098 


0.3688 


0.00756 
0.00637 
0.00786 


0.00046 


2469 
0.0669 


OV3999 


0.0674 
62.8 


TIME GAS PHASE DEUTERIUM LINURYSVYET? (EL SY Ee) 
(SEC } CONCENTRATION (PPM) 
0.0 485.0 0.0000 
500.0 475.8 =U6s0202 
1300.0 445.2 =-0 03899 
2100.0 433.0 =O BUG2 
2900.0 413.3 -0.1680 
3700.0 BID eS -0.2144 
4500.0 Mra! =0.2650 
5300.0 35760 = ae tl 
6100.0 342.1 -0.3687 
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RUN NO. 9. MAR. 06/75 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSTUM AMIDE 

SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID FLOWRATE (CC/SEC) 

GAS FLOWRATE (CC/SEC) 

HENRY*S LAW COEFFICIENT (ATM/MOLE FRACTION) 
HD-AMINE DIFFUSIVITY (SO.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SEC) 
VISCOSITY OF HYDROGEN GAS (CP) 

VISCOSITY OF AMINE VAPOR (CP) 

VESCOSITY OF GAS MEXTURE (CP) 


DENSITY OF GAS PHASE €G/CC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COEFFICIENT (CM/SEC} 


GAS PHASE MASS TRANSFER COEFFICIENT 

(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LTOWUID PHASE TRANSFER COEFFICIENT (CM/SEC) 
FIRST ORDER RATE CONSTANT (1/SEC) 


L20 


0.300 
0. 300 
-~50.6 


1.699 
2530.7 
46.09 

0.7444 


Ore Zee 
D0ie 2 
10549.0 
0.575E-04 


BOs 1 

128.0 
0.950 
0.050 


0.3907 

0.00730 
0.00604 
0.00751 


0.00032 
B69 
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0.4079 


0.0397 
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TIME GAS PHASE DEUTERIUM ENCOYS=VE)ACWISYE)) 
(SEC) CONCENTRATION (PPM) 

0.0 460.1 0.0000 
800.0 444.4 -0.0363 
1600.0 437.8 =0.0379 
2400.0 422.7 =0.0867 
3200.0 418.1 -0.1001 
4000.9 409.6 sOal 27 
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RUN NO.’ 10 MAR. 06/75 


CATALYST CONCENTRATION (M EFQ/G) 


LITHIUM AMIDE 0.300 
POTASSIUM AMIDE 0.300 
SYSTEM TEMPERATURE (DEG C) -51.5 
TOTAL INITIAL PRESSURE (ATM) 1.778 
GAS VOLUME (CC) 2530.7 
INTERFACIAL AREA (SQ.CM) 45.96 
MONOMETHYLAMINE DENSITY (G/CC) 0.7453 
LIQUID FLOWRATE (CC/SEC) 0.075 
GAS FLOWRATE (CC/SEC) 50.2 
HENRY*S LAW COEFFICIENT (ATM/MOLE FRACTION) 10672.0 
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) 0.564E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 19.0 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 129.0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.956 
MOLE FRACTION AMINE IN GAS PHASE 0.044 
DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SEC) Ow3733 
VISCOSITY OF HYDROGEN GAS (CP) 0.00727 
VISCOSITY OF AMINE VAPOR (CP) 0.00601 
VISCOSITY OF GAS MIXTURE (CP) 0.00747 
DENSITY OF GAS PHASE (G/CC) 0.00032 
GAS PHASE REYNOLD'S NUMBER Wik? 
OVERALL LIQUID PHASE TRANSFER 0.0405 
COEFFICIENT (CM/SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3928 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LIQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 0.0407 
FIRST ORDER RATE CONSTANT (1/SEC) 29.2 
TIME GAS PHASE DEUTERIUM  LN((Y-YE)/(YI-YE)) 
(SEC) CONCENTRATION (PPM) 
0.0 469.8 0.0000 
500.0 465.6 -0.0094 
1300.0 453.3 -0.0373 
2100.0 443.6 -0.0599 
3100.0 435.1 -~0.0800 
3700.0 419.4 ~0.1187 
4700.0 416.5 ~0.1258 
5300.0 401.5 -0.1644 
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RUN NO. 11 MAR. 15/75 


CATALYST CONCENTRATION (M EQ/G) 


122 


LITHIUM AMIDE 0.300 
POTASSIUM AMIDE 0.300 
SYSTEM TEMPERATURE (DEG C) =—T740 
TOTAL INITIAL PRESSURE (ATM) 22008 
GAS VOLUME (CC) 2519.5 
INTERFACIAL AREA (SO.CM) 46.06 
MONOMETHYLAMINE DENSITY (G/CC) 0.7075 
LIQUID ‘PLOWRATE (CC/SEC) 0.274 
GAS FLOWRATE (CC/SEC) 50.2 
HENRY*S LAW COEFFICIENT (ATM/MOLE FRACTION) 1036.1 
HO-AMINE DIFFUSIVITY «{S0.C/M/SEC) De LOSE—OS 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 2628 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 130.0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.699 
MOLE FRACTION AMINE IN GAS PHASE 0.301 
DIFEUSIVITY. OF HD IN GAS PHASE (SO.~CM/SEC) 0.3041 
VISCOSITY OF HYDROGEN GAS (CP) 0.00804 
VISCOSITY OF AMINE VAPOR (CP) 0.00698 
VISCOSITY GF GAS MIXTURE (CP) 0.00815 
DENSITY OF GAS PHASE {G/CC) 0.00102 
GAS PHASE REYNOLD'S NUMBER Be of 
OVERALL LIQUID PHASE TRANSFER 0.1450 
COBFRPLCIENT (¢(CM/SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3650 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LADOUTD PHASE TRANSFER COERFICIENT (CM/ScG:) 0.1490 
FIRST ORDER RATE CONSTANT (1/SEC) 214.5 
TIME GAS PHASE DEUTERIUM EN eRY YE) SCY Py Bid 
(SEC) CONCENTRATION (PPM) 
0.0 47626 0.0000 
600.0 427.2 -0.1164 
1200.0 386.3 -0.2242 
1800.0 348.8 -0.3342 
2750.0 303.8 -0.4847 
3000.0 29408 “~H< F296 
3600.0 26020 -0.6568 
3750.0 2a be8 ~0 «6929 
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RUN NO. 12 APR. 05/75 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSTUM AMIDE 

SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID FLOWRATE (CC/SEC) 

GAS FLOWRATE (CC/SEC) 

HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 
HD-AMINE DIFFUSIVITY (SOQ.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


DIFFUSIVITY OIF intD TIN (GAS PHASE (SO.IOM/SEC) 
VISCOSTTY (OF HYDROGEN GAS (CP) 
VISCOSITY OF AMINE VAPOR (CP) 
VISCOSITY OF GAS MIXTURE (CP) 


DENSITY OF GAS PHASE (G/CC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COBRFIICIENMT <OM/SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 

(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LIQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 
FIRST ORDER RATE CONSTANT (1/SEC) 


0.430 
0.430 
-39.1 


1.863 
2532-4 
46.09 
0.7321 


0.264 
5062 
9150.7 


21-8 

130.0 
0.905 
0.095 


0.3614 

0.00755 
0.00636 
0.00785 


0.00046 


24.26 
0.0670 


0.8927 


0.0675 
63.6 


TIME GAS PHASE DEUTERTUM DINICUR ME) 7 TY TRAYED4) 
(SEC) CONCENTRATION (PPM) 
0.0 492.5 0.0000 
800.0 476.2 =+0,;.035i1 
1600.0 456.26 0.05/93 
2400.0 438.3 0,1 225 
3200.0 415.5 $0.0 1s 
4000.0 B9'6:6°9 ~0..2269 
48 30.0 378.8 “Ost 62 
5600.0 361.6 “Oc ey 
6400.0 343.2 -0.3814 
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RUN DNO. 16. APR. di/v7s 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID FLOWRATE (CC/SEC) 

GAS FLOWRATE (CC/SEC) 

HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 
HO=AMING DIFFUSIVITY. (30.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


OIrerUSaViITyY “UF AD IN GAS PHASE (50.GM/ SEG) 
VESCOSETY Ur HYDROGEN GAS (GP) 

VISCOSITY OF AMINE VAPOR (CP) 

ViESCUSTTY UF GAS ' MIXTURE (GP) 


DENSITY OF GAS PHASE (G6/CG) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
GOEFFICIENT (GM/SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 

(G MOLES (SEC. SO.OMN (CG -MULE/ CGI) ) 
LIQUID PHASE TRANSFER COEFFICIENT (GM/ SEG) 
FIRST ORDER RATE CONSTANT (1/SEC) 


0.430 
0.430 
-17.8 


22150 
Loos 
46.05 
0.7083 


0.282 
50.2 
7095.8 
Os10ZE= 


2689 

13149 
Uel2Z9 
0.27) 


0.2921 

0.00803 
0.00696 
Us008TS 


0.00101 


atet 
0.1441 


0.3526 


0.1481 
214.4 


TIME GAS PHASE DEUTERIUM BNC CY- YET? (YT Ve I) 
(SEC) CONCENTRATION (PPM) 
0.0 494.4 0.0000 
600.0 450.5 -0.0988 
1200.0 417.3 -0.1802 
1800.0 mofo) We) -0.2 764 
2400.0 54364 =0 23586 
3000.0 304.4 “065215 
3600.0 28302 -0.6009 
4200.0 239 65 = 46992 
4800.0 238.22 =O s £943 
5400.0 214.4 <a IIG0 
6000.0 194.0 -150290 
6600.0 T7851 eleleeG 
7200.0 159.8 = e282 
7700.0 146.4 ~-1.3645 
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RUN UNOS 14, APR. 23/15 


CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE 0.430 
POTASSIUM AMIDE 0.430 
SYSTEM: TEMPERATURE (DEG C) ey ol. 
TOTAL INITIAL PRESSURE (ATM) e822 
GAS VOLUME (CC) LIED Oo 
INTEREA CTA ARIES VCSO.CM) 46211 
MONOMETHYLAMINE DENSTTY (G/CC) Oe 13S 2 
LIQUID FLOWRATE (CC/SEC) Onan 
CAS FCOWRAPE VCCO/SEG) DUKZ 
HENRY*S LAW COEFFICIENT (ATM/MOLE FRACTION) 9920.4 
HO-AMINE DIFFUSIVITY? (S@.CM/. SEC) 0.634E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 20.7 
bTOUID "PHASE EQUILIBRIUM (CONCENTRATION (PPM) 13.200 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.936 
MOLE FRACTION AMINE IN GAS PHASE 0.064 
DERFUSIL Viet YOR MHD elNAGASeePHASE (SO.CM/ SEC) O% 31695 
VISCOSITY OF HYDROGENNGAS (CCP) 0.00741 
VESCOSITY G& AMINE: VAP OR: 0G) 0.00618 
VISCOSTTY OF GASI MIXTURE’ (CP) 0.00766 
DENS aL Ny OF -GAS ePHASE sf CACC) 0.00037 
GAS PHASE REYNOLD'S NUMBER 20.6 
OVERALL: ibTQURD PHASE TRANSFER 0.0498 
COEPEICTENT, (CM/SEGC) 
GAS »,PHASE MASS. TRANSFER COEFFICIENT 0.3940 
66, MOLE /A (SEG SO.0CM-(.6--MOEER/ CCe))) 
ELOU LD pRHASE TRANS FER. -CORFRIC LENT. (CM/ SEC} 0.0501 
FrRo?l SRDER RATE CONSTANT (E/SEC) 3942 
TIME GAS oti Ae bowl eG leks Ee CED Glee en 
easy 5 O99 CONCENTRATION (PPM) 
0.0 504.7 0.0000 
800.0 490.6 ad ncaa aha od b 
1600.0 481.0 = (Te ous 
2400.0 462.8 = UO 
Ses! 450.2 =“ L196 
4000.0 436.4% =O be 
4800.0 423.7 mac gl te 3 NGI 
5600 .0 409.9 ee Oe 
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RUN NOw 15 MAY 21/75 


CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE 0.630 
POTASSIUM AMIDE 0.630 
SYSTEM TEMPERATURE (DEG C) -44.6 
TOTAL INITIAL PRESSURE (ATM) 1.955 
GAS VOLUME (CC) 2521.4 
INTERFACIAL AREA (SQ.CM) 46.11 
MONOMETHYLAMINE DENSITY (G/CC) | 0.7380 
LIQUID FLOWRATE (CC/SEC) 0.253 
GAS FLOWRATE (CC/SEC)~ 50.2 
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 9783.5 
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) 0.647E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) hens 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 132.0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.935 
MOLE FRACTION AMINE IN GAS PHASE 0.065 
DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SEC) 0.3464 
VISCOSITY OF HYDROGEN GAS (CP) 0.00743 
VISCOSITY OF AMINE VAPOR (CP) 0.00621 
VISCOSITY OF GAS MIXTURE (CP) 0.00769 
DENSITY OF GAS PHASE (G/CC) 0.00040 
GAS PHASE REYNOLD!'S NUMBER 22.09 
OVERALL LIQUID PHASE TRANSFER 0.0573 
COEFFICIENT (CM/SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3756 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
- LIQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 0.0577 
FIRST ORDER RA:E CONSTANT (1/SEC) 51.3 
TIME GAS PHASE DEUTERIUM LN(CY-YE)/(YI-YE)) 
(SEC) CONCENTRATION (PPM) 
0.0 518.9 0.0000 
800.0 507.8 -0.0225 
1600.0 490.2 -0.0594 
2450.0 472.6 -0.0975 
3200.0 45602 -0.1346 
4000.0 436.2 -~0.1817 
4800.0 421.0 -0.2189 
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RUN NO. 16 MAY 27/7 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID FLOWRATE (CC/SEC) 

GAS FLOWRATE (CC/SEC) 

HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 
HD-AMINE DIFFUSIVITY (SO.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


DIFFUSIVITY OF IHD DN GAS PHASE (S0.\CM/SIECN 
VISCOSITY OF HYDROGEN GAS (CP) 

VISCOSITY OF AMINE VAPOR (CP) 

VESCOSITY OF GAS MIXTURE (CP) 


DENSITY OF GAS PHRASE (G/CC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COEFFICHENT (OM/SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 

CG IMQUE/SASEC SOCM(G MOLIE/ CC) )) 
LIGUID PHASE TRANSFER COEFFICIENT «COM/SECy) 
FURST ORDER RATE GONSTANT (1/S EC) 


Lag 


0.630 
0.630 
—-47.5 


1.696 
2516.8 
46211 
0.7411 


0.247 
50.2 
10149.0 
0.611E-04 


20.5 

133.0 
0.939 
0.061 


0.3927 


0.007 36 
0.00612 
0.00760 


0.00034 


19.0 
0.0531 


0.4117 


0.0534 
465 


TIME GAS PHASE DEUTERIUM LIN OVE 07 AY Vie) 5) 
(SeCy CONCENTRATION (PPM) 
0.0 5320 0.0000 
800.0 a ag m0 «0216 
1750.0 499.8 =0 0650 
3200.0 472.1 -0.1247 
4000.0 455.3 -0.1626 
4800.0 439.8 =0,.1987 
5600.0 426.26 =0..2509 
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RUN NO. If JUNE 04775 


CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE 0.630 
POTASSIUM AMIDE 0.630 
SY StEM TEMPERATURE (DEG.C) = 2 Sel 
TOTAL INITIAL PRESSURE (ATM) 22082 
GAS VOLUME (CC) 2544.2 
INTERFACIAL AREA (SQ.CM) 46.08 
MONOMETHYLAMINE DENSITY (G/CC) 0.7144 
LTQOUGIO FLOWRATE, (CC/SEC) 0.296 
GAS FLOWRATE. (CC/SEC) 50.2 
HENRY ®S CAW COEFFICIENT (ATMZMOLE FRACT EON) 7548.9 
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) 0.941E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 26.2 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 134.0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.787 
MOLE FRACTION AMINE IN GAS PHASE 0.213 
DIFFUSIVITY. OF HD IN GAS PHASE (SO.CM/SEC) 0.3107 
VESCOSTTY OF HYDROGEN GAS (CP) 0.00791 
VISCOSITY OF AMINE VAPOR (CP) 0.00681 
ViSCOSTTY OF GAS MIXTURE (CP) 0.00816 
DENSITY OF GAS PHASE OG/CC) 0.00083 
GAS PHASE REYNOLD'S NUMBER 42.26 
OVERALL LIQUID PHASE TRANSFER Oe 13 83 
COEFFICIENT {CM/SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3642 
(G MOLE/(SEC SO.CMIG MOLE/CC))) 
LTOUTD PHASE TRANSFER COEFFICIENT €CM/SEC) 0.1350 
FERST ORDER RATE CONSTANT (1/SEC) 193.4 
TIME GAS PHASE DEVUTERTUM SNCS VE) ACRE) 
(SEC) CONCENTRATION (PPM) 
0.0 ip 0.0000 
600.0 468.3 ~0.0904 
1200.0 4321 =O tS6 
1800.0 394.6 = sane © 
2400.0 370.8 =0 «2596 
3000 .0 343.6 -0.4218 
4400.0 Bs es -0.6554 
5200.0 258.8 20 of 225 
6000.0 228.8 -0 8708 


6800.0 194.5 -1.0564 
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CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID FLOWRATE (CC/SEC) 

GAS FLOWRATE (CC/SEC) 

HENRY 'S EAW GOEFFIGIENT ¢ATM/MOLE FRACT DON) 
AO-AMINE DIF FUSEVETY GSOSGM7 SEG) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


DIEFUSEV ETRY OF HD IN CAS PHASE (SO SCM/ SEC) 


VESCUSETY OF HY OROUGEN GAS (CP) 
VESCOSTTY OF AMNENE VAPOR (CP) 
VESGOSETY OF GAS MIXTURE (CCP) 


DENSTTY OF GAS PHASE (G/CC) 


GAS PHASE REYNOLD'S NUMBER 
OVERALL LIQUID PHASE TRANSFER 
GGErrIGrenr (CEM/ SEC) 


GAS’ PHASE MASS TRANSFER’. COEFF ICTENT 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 


ETOUrTD PHASE TRANSFER’ COEFFICIENT 
FERS T ORDER RAE CONSTANT CY/ SEC) 


CONS SEC) 


0.630 
0.630 
—-1322 


22166 


2524.3 
46.08 
0.7031 


Geol 
50.2 
OUSO~e 


O's 1O9E- 


28.9 

136.0 
0.664 
e536 


0.2785 


0.00812 
0.00709 
0.00818 


0.00119 


61.0 
0.1766 


0.3446 


0.1834 
306.9 


TIME GAS PHASE DEUTERIUM CRNA = Yee e/eC, eye?) *) 
(SEG) CONCENTRATION (PPM) 
0.0 493.4 0.0000 
700.0 442.9 =—Uebi od 
1400.0 SH Gib -0.2809 
2100.0 32626 -0.4447 
2800.0 LOaNo #06035 
3500.0 250-4 -0.7405 
4200.0 Pid 8 a ago, -069401 
4900.0 eS -1.1408 
5600.0 159.4 =leZ2693 
6300.0 142.4 -1.4090 
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RUN NOB. 29 JULY 09/75 


CATALYST CONCENTRATION (M EQ/G) 


130 


LITHIUM AMIDE 0.630 
POTASSIUM AMIDE 0.630 
SYSTEM TEMPERATURE (DEG C) -40.0 
TOTAL INITIAL PRESSURE (ATM) 1,943 
GAS VOLUME (CC) 2528.6 
INTERFACIAL AREA (SQ.CM) 46.10 
MONOMETHYLAMINE DENSITY (G/CC) 0.7331 
LIQUID FLOWRATE (CC/SEC) 0.263 
GAS FLOWRATE (CC/SEC) 502 
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 9250.5 
HD=AMINE DIFFUSIVITY (S0.CM/SEC) 0 dA ODERO04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 22.8 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 134 © 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.912 
MOLE FRACTION AMINE IN GAS PHASE 0.088 
OTE RUSIVIVY OF HD IN GAS VWPHASE (SO.CM/SEC) 0.3542 
VISCOSTTY OF HYDROGEN GAS (CP) 0.00754 
VISCOSITY OF AMINE VAPOR (CP) 0.00634 
VISCOSITY OF GAS MIXTURE (OP) 0.00783 
DENSITY OF GAS PHASE (G/CC) 0.00045 
GAS PHASE REYNOLD'S NUMBER 2463 
OVERALL LIQUID PHASE TRANSFER 0.0709 
CGERFICIENT (CM/ SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3859 
(G MOLE/(SEC SOQO.CM(G MOLE/CC))) 
LIQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 0.0715 
FIRST ORDER RATE CONSTANT (1/SEC) Wi2iaD 
TIME GAS PHASE DEUTERIUM ENG MEN H/C OY Te ViE 4) 
(SEC) CONCENTRATION (PPM) 
0.0 524.4 0.0000 
1400.0 481.7 -0.0888 
2100.0 464.7 —=O.dl Zo 
2900.0 445.3 -0.1/714 
3700.0 421.5 =O. 622096 
4600.0 DO Dis? SO Bid 
5500.0 BV 0i2 be Oo A 
6000.0 Bib oil 0) oi Gi2 
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RUN NO. 20 JULY 30/75 


CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE 1.660 
POTASSIUM AMIDE Os390 
SYSTEM TEMPERATURE (DEG C) =43 62 
TOTAL INITIAL PRESSURE (ATM) reVOr 
GAS VOLUME (CC) 2219 62 
INTERFACIAL AREA (SO.CM) 46.12 
MONOMETHYLAMINE DENSITY (G/CC) OG (359 
LEQUID FLOWRATE (CC/SEC) 0.256 
GAS FLOWRATE (CC/SEC) 50.2 
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 9620.6 
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) 0 -664E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 20.9 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 130.0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.928 
MULE FRAGTION AMINE IN GAS PHASE 0.072 
DIFFUSIVITY. OF HD IN GAS PHASE (S0sCM/SEC) 0.3566 
VisGOSITY UF HYDROGEN GAS (GP) 0.00746 
VISCOSITY OF AMINE VAPOR (CP) 0.00625 
VISCOSITY OF GAS: MIXTURE (CP) 0.00773 
DENSITY OF GAS PHASE (G6/CC) 0.00041 
GAS PHASE REYNOLD'S NUMBER 2203 
OVERALL LIQUID PHASE TRANSFER 0.0140 
GUEPFIGLENT (CGMS SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3851 
(G6 MOLE/USEE SO.CM(G MOLE/CC))) 
L1GUID PHASE TRANSFER COEFFICIENT COM/SEC) 0.0140 
FIRS?) GRDER RATE CUNSTANT “1/ SEC) 2210 


TIME GAS PHRASE DEUTER LUM ENACW AVE) 7 CY b=VE) 
LSEC) CONCENTRATION (PPM) 

0.0 518.5 0.0000 
600.0 3) et GA -0.0028 
1300.0 b13120 “Oe 0 IES 
2000.0 508.8 -0.0196 
2800.0 499.0 =0,.0599 
3700.0 493.8 -0.0508 
4600.0 488.4 -0.0624 
5550.0 484.6 = 5 OG 
6400.0 484.3 =e. © 
7300.0 480.7 =0.0/89 
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RUN NO. 22 AUGs T5/75 


CATALYST CONCENTRATION (M EQ/G) 


152 


LITHIUM AMIDE 1.660 
POTASSIUM AMIDE 0.390 
SYSTEM TEMPERATURE (DEG C) ED He 
TOVAL INITIAL PRESSURE (ATM) Zest. 
GAS VOLUME (CC) BI LVES 
INTERFACIAL AREA (SO.CM) 46.07 
MONOMETHYLAMINE DENSITY (G/CC) 0.7100 
LIQUID FLOWRATE (CC/SEC) 0.028 
GAS ELOWRATE (¢€E/7SEC) 2062 
HENRY*'S LAW COEFFICIENT (ATM/MOLE FRACTION) 7214.29 
HO-AMINE DIFFUSIVITY (SO.CM/SEC) 0.100E-03 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 26.4 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 130.2 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.747 
MOLE FRACTION AMINE IN GAS PHASE 0.253 
DIFFUSIVITY OF HD IN GAS PHASE (SO.CM/SEG) 0.2965 
VISCOSITY OF HYOROGEN GAS ¢CP) 0.00800 
VISCOSITY OF AMINE VAPOR (CP) 0.00692 
VISCOSITY OF GAS MIXTURE (CP) 0.00819 
DENSITY OF GAS PHASE (G/CC) 0.00095 
GAS PHASE REYNOLD'S NUMBER 48.9 
OVERALL LIQUID PHASE TRANSFER 0.0343 
COEFPICIENT (CM/SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT Oes5 51 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LIOWID PHASE TRANSFER COEFFIICRENT (CCM/SEC.) 0.0346 
FIRST ORDER RATE CONSTANT (1/SEC) 11.5 
TIME GAS PHASE DEUTERIUM LENCO RYE "YHE) IZ OY TOV DF) 
(SEC) CONCENTRATION (PPM) 
0.0 505.8 0.0000 
1300.0 493.8 = 2 oS 
3160.0 455.7 =O 10S 
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RUN NOs 22° -AUGe 297 15 


CATALYST CONCENTRATION (M EQ/G) 


Ls 


LITHIUM AMIDE 1.660 
POTASSIUM AMIDE 0.390 
SY SUEM TEMPERATURE (DEG .C) -26.4 
TOTAL INITIAL PRESSURE (ATM) e9S5 
GAS VOLUME (CC) 2226042 
INTERFACIAL AREA (SQ.CM) 46.09 
MONOMETHYLAMINE DENSITY (G/CC) 0.7181 
EITQUID FLOWRATE (CE/SEC) 0.304 
GAS FLOWRATE (CC/SEC) 50.2 
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 1847.7 
HD=AMINE DIFFUSIVITY (S@seM/ SEC) 0.893E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 24.28 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) L50% 5 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.810 
MOLE FRACTION AMINE IN GAS PHASE 0.190 
DIFFUSIVITY GF AO IN GAS PRASE (SQ@.CM/ SEG) Gess2f 
VESGESITY OF FYDROUGEN GAS (GP) 0.00784 
VISCOSITY OF AMINE VAPOR (CP) 0.00672 
VESGUSETY OF GAS; MIXTURE CGP) 0.00811 
BENOLTY OF GAS PHASE (67 CG) 0.00072 
GAS PHASE REYNOLD'S NUMBER 37.24 
OVERALL LIQUID PHASE TRANSFER 0.0267 
COE RFPIGLENT (My SEC) 
BAS PHASE MASS TRANSFER €WEFFICIENT 0.3806 
(GS MORE7Z (SEG SOSEM(G MULE, CEJ) ) 
Prous PHASe TRANSFER GOEFFICIENT (lEM/7 See. 0.0268 
FIRST ORDER RATE CUNSTANT (17SEC) 7250 
TIME GAS PHASE DEVUTERTUM GNI LY SVE VAY IVE )) 
(SEC ) CONCENTRATION (PPM) 
0.0 491.7 0.0000 
1000.0 487.5 “0091 
2000.0 471.2 “0.0451 
3000.0 458.5 =“). 0138 
4000.0 445.5 -0.1042 
5000.0 430.4 -0.1407 
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CATALYST CONCENTRATION 
LITHIUM AMIDE 


RUN NO. 


POTASSIUM AMIDE 
SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 


GAS VOLUME 
INTERFACIAL AREA 
MONOMETHYLAMINE DENSITY 


LIQUID FLOWRATE 
GAS FLOWRATE 
HENRY?'S LAW COEFFICIENT (ATM/MOLE FRACTION) 
AD-AMINE DIEBEUSIWI TY 


(SQ.CM) 


(GC/SEG) 


(CG/SEC) 


23 SER Ts 


(CAGE) 


(M EQ/G) 


(SQ.CM/ SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION 


LIQUID PHASE EQUILIBRIUM CONCENTRATION 


MOLE FRACTION HYDROGEN IN GAS PHASE 
MOLE FRACTION AMINE IN GAS PHASE 


DIFEUSIVITY OF HD IN GAS BHASE 
VISCOSITY OF HYDROGEN GAS 


MIPSCOSITY OF AMINE VAROR (EPR) 
ViESCOSI LY OF GAS MIXTURE (6b) 


DENSITY OF GAS PHASE &G/GG) 


GAS PHASE REYNOLD'S NUMBER 
OVERALL LIQUID PHASE TRANSFER 


GOEFEECIENT 


(CM/SEC) 


(CP) 


(SQ.CM/SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 
(G MOLE/USEG SO.CM{(G MOLE/GG))) 


LIQUID PHASE TRANSFER COEFFICIENT 


FIRST ORDER RATE CONSTANT (1/SEC) 


TIME 

(SEC) 
0.0 
630.0 
1300.0 
2100.0 
3000.0 
4000.0 
5000.0 
6000-0 
7000.0 


GAS PHASE DEUTERIUM 


CONCENTRATION 
542.8 
Doe. a 
508.2 
484.4 
463.3 
ie hohe] 
409.5 
Safez 
3612-9 


(PPM) 


Hey gOS) 


(CM/SEC) 


(PPM) 


0.0000 
~0.0681 
~0. i: Nh Tees! 
-0.1640 
=D e22de 
=0..2929 
=O. 3316 
=O .4222 


134 


0.000 
0.400 
~48.4 


be f8t 
2511.26 
46.11 
0.7420 


0.245 
50.2 
10261.0 


0.601E-04 


Lief 

116.2 
0.945 
0.055 


0.3741 

0.00734 
0.00610 
0.00757 


0.00034 


1Sie2 
0.0772 


0.3958 


0.0779 
100.8 
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RUN ING? 24 OGT? OF7 15 


CATALYST CONCENTRATION 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYSTEM TEMPERATURE 


(M EQ/G) 


(DEG ©) 


FOTAL  INITIAE PRESSURE 
GAS VOLUME (GG) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY 


(ATM) 


(G/CC) 


EFOUTD FLOWRATE (CG/SEC) 

GAS FLOWRATE (CC/SEC) 

HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 
HB=AMINE DIFFUSIVITY CSOeC M/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


DIFFUSIVITY OF HD IN GAS PHASE 
VISCOSITY OF HYDROGEN GAS (CP) 
VISCOSITY OF AMINE VAPOR (CP) 
VISCOSITY OF GAS, MEXTURE (CP) 


(SQs.CM/SEC ) 


DENSITY OF GAS PHASE (G/CC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COEFFICIENT €CM/SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 

(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
ETOWID PHASE TRANSFER COEFFICIENT 
FIRST ORDER RATE CONSTANT (1T/SEC) 


(CM/SEC ) 


TIME GAS PHASE DEUTERIUM 

SSEC) CONCENTRATION (PPM) 
0.0 463.1 0.0000 
600.0 401.8 -0.1504 
1300.0 3a863 -0.3664 
2020.0 Zr Da6 -0.5406 
2700.0 239 #2 =O HS PISZ 
3500.0 POSa2 -0.9407 
4300.0 161.6 =VIlEOoS 
5200.0 126.8 -1.4489 
5900.0 Pec =1leo908 


0.000 
0.400 
-20.1] 
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ZO ESOL 
46.05 
0.7110 


0.250 
502 
1290.3 
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117.2 
0.758 
0.242 


0.2985 


0.00798 
0.00690 
0.00819 


0.00093 


47.5 
0.2297 


0.3560 


Ve259F 
S823 


EN COY=VERS CY FAY) ) 


135 


04 


6 my Pa) . 0 


pes ib aTARWOU? 


leah wi ab) 
E .00S% OF TDa99 SORTA) Ty par Rage 
3T AG, 0 POISE. al ir Wienahes 


SES rege) WoL TARTMAd HOS MUTRE jp3 Mei C 
Suit |. (OS) ODT ARMS 5 4 aon ey oh 

| '  -«- SOAHF ZA vt WaaNMay “WOrTD AR 
$65.0 42RHG am 1 3MgM) Tee 

: \ \ a aa y a yo 
ut Ghai ¥ ieee 
a WadoRayH 4 40 yt 0D. 
OAV. -~ 30 YTT20s 
ie HU bao - ahi on 


SPOOL 0 | ‘aga oe ako 4 scMIst 
te 's ‘or 3AM Ur cana Lek, ‘cen AY a= 
Tecc LH ATFCWAST Ala a : 
£092 wi A Bye) 


; | “ATI OLAIBOO MIeMAAT Be wi eile ai 
| | f{\ID\3 OM OFMS. Ge ee 

COTeNMOY THETOTAGI0S SaaawAaT S qT UG 

ie APE VaneNa? TWAT 2009 ITAR FIGARO 5 T2 


411 Bh 


\wovawh aeules 


e380 0 aay 


—F 
TSO. i 


CUSV-TV DVS 9 sya SIAITUIG Arana 240 
(MOQ ) OL TA RT iad 


OOG0) sd I Sage LA : 
ours, O- | + 104 ae ‘ 
#®SSE. 0 7 ake | i 

jhe eee. aN |e 2a 
SS £7. 0 . =o BARES a 

’ 7. ; : 
Tr \ a iw 5 é _ 
owe F 1 S, eer ; 
cP e {- : 
i 


; Salol 
>, f- Bash 
3008 ,T- 2 28) Reber 


RUN NO. 25 OCT. 04/75 


CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE 
POTASSIUM AMIDE 
SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 


GAS VOLUME (CC) 
INTERFACIAL AREA (SQ.CM) 


MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID FLOWRATE (CC/SEC) 
GAS ELOWRATE (€C/SEC) 


HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 
HD-AMINE DIFFUSIVITY (SQO.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION 
LIQUID PHASE EQUILIBRIUM CONCENTRATION 


(PPM) 


(PPM) 


MOLE FRACTION HYDROGEN IN GAS PHASE 
MOLE FRACTION AMINE IN GAS PHASE 


DIFFUSIVITY OF HD: IN GAS PHRASE (SO.CM/SEC) 
VISCOSITY: OF WYDROGEN GAS (CP) 


VISCOSITY OF AMINE VAPOR (CP) 
VEPSCOSITY OF GAS: MIXTURE: (CP) 


DENSITY OF GAS PHASE (G/CC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COEFFICIENT (CM/SEC) 


GAS PHASE MASS TRANSFER COEFFICIENT 


(G MOLE/(SEC SQ.CM(G MOLE/CC))) 


LIOUID PHASE TRANSFER COEPFICIENT 


FIRST ORDER RATE CONSTANT (1/SEC) 


(CM/SEC) 


136 


0.000 
0.400 
-40.0 


1.941 
251496 
46.08 
Os 381 


0.240 
5022 
9250.5 

0. 705E-04 


19.6 

118.2 
0.913 
0.087 


0.3492 

0.00753 
0.00634 
0.00782 


0.00045 


24.5 
0.1061 


0.3817 


0.1076 
164.1 


TIME GAS PHASE DEUTERIUM LNGOY= VED AYITRVE)) 
iSEC) CONCENTRATION (PPM) 

0.0 485.8 0.0000 
600.0 464.7 -0.0463 
2100.0 396.9 ie 2 17 
3000.0 366.6 Wee Os. 
3900.0 33924 -0.3768 
4900.0 nea ae | -0.4642 
5900.0 288.0 =O.5522 
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RONW NG, 267 OCT., 09775 

CATALYST CONCENTRATION 
LITHIUM AMIDE 
POTASSIUM AMIDE 


SYSTEM TEMPERATURE 


(M EQ/G) 


(DEG, C9 


TOTAL INITIAL PRESSURE 
GAS VOLUME (CC) 
INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


(ATM) 


LIQUID FLOWRATE (CC/SEC) 

GASS FLOWRATES (CC7 SECO 

HENRY'S LAW COFFFICIENT (ATM/MOLE FRACTION) 
HD-AMINES DIFFUSIVITY: (SOSCM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION 
LIQUID PHASE FOUILIBRIUM CONCENTRATION 
MOLE FRACTION HYDROGEN IN GAS PHASE 
MOLE FRACTION AMINE IN GAS PHASE 


(PPM) 
(PPM) 


DIEEFUSTVITYy OF HDS ING GAISS PHAGE= (SQ6.CMZSECO 
VISCOSITY OF HYDROGEN GAS (CP) 

VISCOSITY OF AMINE VAPOR (CP) 

Va SCOSTTYy OF= GAS§ MIX TURE® ( CP) 


DENST TY) OF* GASS PHRASES (67.00) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
COEFFHICIENTT (CMY SEE) 


GAS PHASE MASS TRANSFER COEFFICIENT 

(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LU OUT DI PHASES TRANSFERS COEFFI CIENT 
PIRSTT ORDERS RATE: CONSTANT? (17SEC) 


COM7SECY) 


TTHE GAS PHASE DEUTERIUM 

(SEC) CONCENTRATION (PPM) 
0.0 471.7 
600-0 431.0 
1300.0 393.8 
5800.0 199.4 
6600.0 l5e6 


0.0000 


-0.0947 
=O, Lowi 
7069302 
-1.0743 


0.000 
0.400 
-29.6 


22037 


251962 
46208 
Oat 207 


0.261 


502 
15547 


220 


i962 
0.847 
0.153 


0.3267 


0.00777 
0.00663 
0.00807 


0.00065 


34.0 
0.1563 


0.3718 


0.1602 
305.1 
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RUNING. 27 OC. A0/ 7S 


CATALYST CONCENTRATION (M EQ/G) 


LITHIUM AMIDE . 0.860 
POTASSTUM AMIDE 0.500 
SYSTEM TEMPERATURE (DEG C) —47.7 
TOTAL INITIAL PRESSURE (ATM) 1.875 
GAS VOLUME (CC) Loe ote 2 
FNTERFACTAL “AR'EA 'CSOSCM) 46.09 
MONOMETHYLAMINE DENSITY (G/CC) 0.7413 
LIQUID FLOWRATE (CC/SEC) 0.224 
GAS FLOWRATE (CC/SEC) FOiet2 
HENRY*S LAW COEFFICIENT (ATM/MOLE FRACTION) 10171.0 
HD-AMINE “DOTFFUSIVITY WGSOMCM/SEC) 0.609E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) P91 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 124.0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.945 
MOLE FRACTION AMINE IN GAS PHASE 0.055 
DIFEUSIVITY “OF ‘HD TN IAS IPIHASE (-S0.CMASEC?) 0.3588 
Vil SCOSITY (OF MAY DROGEN (GAS (ICP) 0.00736 
VISCOSTTY OF AMINE VAPOR (CP) 0.00612 
VALSOOSITTY “OF (GAS "MPXTURE i6OP)) 0.00759 
DENSITY OF GAS "PHASE 'G/CC) 0.00036 
GAS PHASE REYNOLD'S NUMBER 20.1 
OVERALL LIQUID PHASE TRANSFER 01-0325 
COEFPFRYTCTENT CCMASEG 
GAD PHASE "MASS TRANSFER SOU EFPETCOATENT 0% "30 SO 
(6 "MOLE/CSEC SO.CM(G MOLE/SCC9)) 
LTOUTD PHASE TRANSFER COEFFICIENT SCCM/SEC) 0.0327 
FIRST ORDER RATE CONSTANT (1/SEC) LAD 
TIME GAS. PHASE SUEUTERIUM eC "Vere 2OYR Pen) 
(SEC) CONCENTRATION (PPM) 
0.0 DIO Breck 0.0000 
1000.0 504.5 -0.0074 
2000.0 494.7 ea gl eb 
3000.0 478.8 =. 0029 
4000.0 468.7 -0.0841 
5000.0 455.5 =i Ooo 
6000.0 443.8 -0.1410 


7000.0 430.0 -0.1740 
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RUN NO. 28 NOV. 05/75 


CATALYST CONCENTRATION (M EQ/G) 


39, 


LITHIUM AMIDE 0.860 
POTASSIUM AMIDE 0.500 
SYSTEM TEMPERATURE (DEG C) =~20.6 
TOTAL INITIAL PRESSURE (ATM) 1.938 
GAS VOLUME (CC) 2518.4 
INTERFACIAL AREA (SQ.CM) 46.06 
MONOMETHYLAMINE DENSITY (G/CC) O. FLPES 
LIQUID FLOWRATE (CC/SEC) Oe 277 
GAS FLOWRATE (€C7 SEC) 5022 
HENRY*'S LAW COEFFICIENT (ATM/MOLE FRACTION) @351.8 
HD-AMINE DIFFUSIVITY (SO.CM/SEC) 0.979E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 2520 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) iZae0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.740 
MOLE FRACTION AMINE IN GAS PHASE 0.260 
DIFFUSIVITY OF HD IN GAS PHASE (SOQ.CM/SEC) 023223 
VISCOSITY GF HYDROGEN GAS (CP) 0.00796 
WISCOSETY OF AMPENE VAPOR (€€P) 0.00688 
VISCOSITY OF GAS MIXTURE (CP) 0.00814 
DENSITY OF GAS PHASE (G/CC) 0.00089 
GAS PHASE REYNOLD'S NUMBER 45.9 
OVERALL LEQUID PHASE TRANSFER 0.0913 
GCOEREICIENT (EMZSEC} 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3778 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
ETOWID PHASE TRANSFER €CORFFICIENT (CM/SEC) 0.0928 
FIRST ORDER RATE CONSTANT (E/SEC) 87.8 
TIME GAS PHASE DEUTERIUM LINCTY=VE LAA VERVE )) 
(SEC ) CONCENTRATION (PPM) 
0.0 474.2 0.0000 
800.0 438.3 ~0.0834 
2400.0 363.26 =0.2827 
3200.0 342.8 -0.3463 
4000.0 319.4 -0.4225 
4800.0 a90« 9 -0.5245 
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RUN NOS 29° NOV. 7/15 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMTDE 
POTASSIUM AMIDE 

SYOTEM TEMPERATURE (0EG C) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SO.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


ETOUI) PLOWRATLE CCC7SEC) 

CAD FLOWRATE UCC SEC) 

HENRY’ S LAW COEFPETCIENT (AITM/MOLE FRACTION) 
HO=AMANE DIFFUSIVITY (SOSCM7 SET) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EFQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


Burro siv ily OF WO: TN GAS .PHASE (SO. CM/SEC) 
VISCOSITY OF HYDROGEN GAS. (CP) 

VesecOsclay OF AMINE VAPOR CP) 

Virocoust 1Y OF GAS MIXTURE, CEP) 


DENoLIyY UP GAS PHASE (67CC) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
SUErrELCIENT 1CM7 SEC) . 


GAS PHASE MASS TRANSFER COEFFICIENT 

(Go MOLE/7 TSEC SOCEM (CG MOBE7 CCI) 
BIG 10 PHASE. TRANSTER LVUEFEIC TENT (CMASeG) 
FIRST ORDER RATE CONSTANT (17SEC) 


0.860 
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000795 


0.00056 
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0.0666 
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0.0671 


TIME GAS PHASE DEUTERIUM Crea yo Ye)? GY bv E)) 
(SEC) CONCENTRATION (PPM) 

0.0 495.8 0.0000 
600 .0 478.7 ce OG RSM ote 
1200.0 451.9 -0.0974 
2400 0 42226 =O. L651 
3000.0 408.3 -0.2046 
3600.0 She ty -0.2446 
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BUN NO. 20 MON. AlVtS 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYShEM TEMPERATURE (DEG CG) 


TOTAL INITIAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SO.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


LIQUID, FLOWRATE <GG/SEG) 

GAS FLOWRATE (GG/SEC) 

HENRY'S LAW GOEFFICIENT (ATM/MOLE FRACTION) 
HD-AMING DILERUSTVITY (SO.CM/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQULD PHASE EQUILIBRIUM CONCENTRATION (PRM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN GAS PHASE 


BIEEUSIVIPY Ge HD IN GAS BHASE (SQ.CM/SEC) 
VbPSCOS TTY: GE HYDROGEN GAS (CP) 

VISGOSERY GE AMINE VAPOR (CP) 

VISCOSITY OF GAS MIXTURE (CP) 


DENSITY GE GAS PHASE &G7GG) 

GAS PHASE REYNGLD'S NUMBER 

OVERALL LIQUID PHASE TRANSFER 
GOBERICIEN, (GCMsSEC) 


GAS PHASE MASS TRANSEER COEFFICIENT 

(6 MOLE/( SEG SO.GM(G MOLEZEG)) } 
LIQUID PHASE GRANSFER GOEFFICIENTL (CMsASEC) 
EEIRS?T GRDER RATE CONSTANT (1/SEC) 
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0.500 
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9041.9 
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0.00758 
0.00639 
0.00788 


0.00047 
2543 
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0.6 0550 
41.3 


TIME GAS PHASE DEUTERIUM IN aay) ZC Na) 
(SEC) CONCENTRATION (PPM) 
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RUN NO. Sb NOVe 27775 
CATALYST CONCENTRATION (M EQ/G) 


142 


LITHIUM AMIDE 0.860 
POTASSIUM AMIDE 0.500 
SYSTEM TEMPERATURE (DEG C) =10)./2 
TOTAL INITIAL PRESSURE (ATM) 2 b50 
Gao VORUME. (CC) 2521.8 
INTERFACIAL AREA (SQ.CM) 46.06 
MONOMETHYLAMINE DENSITY (G/CC) 0.6995 
EIQGUTD FLOWRATE (CC/SEC) 0.295 
GAS FLOWRATE (CC/SEC) DO. 2 
HENRY*'S LAW COEFFICIENT (ATM/MOLE FRACTION) 6506.7 
HD-AMINE DIFFUSTVITY (€S0.CM/SEC) 0-114E-03 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 27.9 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 128.0 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.608 
MOLE FRACTION AMINE IN GAS PHASE Qe 392 
DIPEWSIVITY OF HD IN GAS PHASE (SO.CM/SEC) 0.2697 
VISCOSITY OF HYDROGEN GAS (CP) 0.00819 
VISCOSITY OF. AMINE VAPOR (CP) 0.00718 
VISCOSITY OF GAS MIXTURE (CP) 0.00815 
DENSITY OF GAS PHASE (67CC) 0.00133 
GAS PHASE REYNOLD'S NUMBER 68.4 
OVERALL LIQUID PHASE TRANSFER 0.1319 
COEFFICIENT (CM7SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.6 3325 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
ETQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 0.1358 
FIRST ORDER RATE CONSTANT CIZSEC) 161.1 
TIRE GAS PHASE DEUTERIUM SAL Sa id oo) ip) a | a ak 
(SEC) CONCENTRATION (PPM) 
0.0 431.5 0.0000 
500.0 404.8 -0.0684 
1500.0 34022 “OU 82562 
2000.0 10-67 =O 63275 


2500.0 26465 . -0.4401 
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CATALYST CONCENTRATION 
LITHIUM AMIDE 


Rune es §5F, | Eos 


POTASSIUM AMIDE 
SYSTEM TEMPERATURE UDEG. C) 


TOTAL INITIAL PRESSURE (ATM) 


GAS VOLUME 
INTERFACIAL ARFA 
MONOMETHYLAMINE DENSITY 


LIQUID FLOWRATE 
GAS FLOWRATE 
HMenky! S PAW SCUETF Le ren, 
HD=AMINE DIFFUSIVITY 


GAS PHASE EQUILIBRIUM CONCENTRATION 
LIQUID PHASE FOUILIBRIUM CONCENTRATION 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE IN 


DaErusiVily OF HD IN Gas PHASE 
VISCOSITY OF HYDROGEN GAS 


(SQ.CM) 


({CE7SEC) 


(CU7 SEG) 


VISCOSISY OF AMINE VAPUR CEP) 
YVESCOSLTY UF GAS -MIXTURE (GP4 


DENSITY OF 


GAS PHASE (G/€C) 


GAS PHASE REYNOLD'S NUMBER 
OVERALL LIQUID PHASE TRANSFER 


COEFFICIENT 


GAS PHASE MASS TRANSFER COEFFICIENT 

(G MOLE/ (SEG SOeGMI(G 
LIQUID PHASE TRANSFER GOEFFICLIENT 
PERS?! ORDER RATE CONSTANT 


TIME 

(SEC) 
0.0 
600.0 
1600.0 
2600.0 
3600.0 
4600.0 
5600.0 
6600.0 
7500.9 


(CM/ SEC) 


GAS PHASE DEUTERIUM 


CONCENTRATION 
493.0 
482.1 
457.5 
434.8 
416.0 
402.1 
Secec 
363.20 
348.26 


(G/CC) 


Cer} 


(M EQ/G) 
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GAS PHASE 


(SOTEM/ See) 


MOLE/ CG?) } 


(ESSEC) 


CP PM} 


1B i eo 


(GM/ SEG) 
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RUNENO. 33 FEB. S716 


CATALYST CONCENTRATION (M EQ/G) 


144 


LITHIUM AMINE 0.350 
POTASSIUM AMIDE 0.480 
SYSTEM TEMPERATURE (DEG C) Se Oe t 
TOTAL INITIAL PRESSURE (ATM) 20063 
GAS VOLUME (CC) 292068 
INTERFACIAL AREA (SO.CM) 46.08 
MONOMETHYLAMINE DENSITY (G/CC) OC P50 
EEOUID FPLOWRATE (CC/ SEC) 0.272 
GAS FLOWRATE COCC/SEC) Oe 2 
HENRY ©S LAW COEFFICIENT CATM/MOLE FRACTION) 1602.0 
HD=-AMINE DIFFUSIVITY (SQs6CM/SEC) 0.9327E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 2201 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 129 63 
MOLE FRACTION HYDROGEN IN GAS PHASE Ce 19 
MOLE PRACTION AMINE IN GAS PHASE 0.208 
DIFEUSIVITY OF AD IN GAS PHASE (SQ.CM/SEC) Ges R19 
VISCOSITY GF BYDROGEN GAS (CP) 0.00790 
VISCOSITY OF AMINE VAPOR (GCP) 0.00680 
VISCEUSITY OF GAS MIXTURE CEP) 0.00815 
DENSITY OF GAS PHASE (G/CC) 0.00081 
GAS PHASE REYNOLD'S NUMBER 4166 
BVERALL LIQUID PHASE TRANSFER 0.1360 
COUEFEIGIENT CGM SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3645 
(G MOLE/(SEG SO.GM(G MOLE/CC))) 
Li@UID PHASE TRANSFER. GOEFFICIENT (CCM/SEe,) Osis 93 
FIRST ORDER RATE CONSTANT (17SEC) 207.8 
TIME GAS PHASE DEUTERIUM MICOS TE D7 Yi =e 1) 
(SEC) CONCENTRATION (PPM) 
0.0 458.0 0.0000 
600.0 421.9 -0.0869 
1200.0 384.9 -0.184/7 
1800.9 356.7 -0.2664% 
2400.0 a2te8 “D607 76 
3100.0 29164 -0.4857 
3800.0 268.1 -0.5774 
4500.0 243.20 -~0.6865 
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BUN NO. 34 FEB. 23/776 


CATALYST CONCENTRATION (M EQ/G) 


145 


LITHIUM AMIDE O. 359 
POTASSIUM AMIDE 0.489 
SYSTEM TEMPERATURE (DEG C) #36 ok 
TORAL INETEAL BRESSURE (ATM) 1.878 
GAS VOLUME (CC) 22 ies 
INTERFACIAL AREA (SQ.CM) 46.07 
MONOMETHYLAMINE DENSITY (G/CC) 0.7289 
LIQUID FLOWRATE (€E/SEG) 0.234 
GAS ELOWRATE ¢(GEsSEC) 56 2 
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 8823.4 
BUSAMINE DOLEEUST VITY €SO.EMsSEG) 0. 756E-04 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 23.8 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 13063 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.886 
MOLE FRACTION AMINE IN GAS PHASE 0.114 
DPeEUSIVITY OE HD IN GAS PHASE (SQ.EM/SEC) 0.3D75 
VISEOSITY- OF HUVORGGEN GAS’ ¢EP) 0.00762 
MESCOST TY OF AMINE VAPGR (GP) 0.00644 
VISGOSTTY OF GAS MIXTURE “CG R) 0.00793 
DENSETY OF GAS PHASE (G/CC} 0.00051 
GAS PHASE REYNOLD'S NUMBER 229 
OVERALL LIQUID PHASE TRANSFER 0.0889 
GCOEEREGIENT (GM/SEG) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3924 
(6 NMGOLE/(SEG SQ.CM(G MOL EZCE))) 
bh TOUED, PHASE TRANSFER GOEFELCIENT CEMsSEC) 0.0899 
ELRSt ORDER RATE GONSTANT (17SEC) 106.9 
TIME GAS BHASE DEUTERIUM UNVGMSVE LZt YE YE) ) 
(SEG) CONCENTRATION (PPM) 
0.0 475.3 0.0000 
600.0 455.9 -0.0438 
1300.0 432.0 -0.1008 
2100.0 32,9 6/3 ~0.1342 
3000.0 51565 -0.2496 
4000.0 347.4 20.8334 
5000.0 See 3 —-0.4171 
6000.0 20 te 0 =OeaUco 
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RUN NO. 35 FEB. 21/71 


CATALYST CONCENTRATION (M EQ/G) 


146 


BEhAiVry AMT DE 0.350 
POTASSIUM AMIDE 0.480 
SYSTEM TEMPERATURE ADEG ©) a eI 
WOTAL, INTTIAL PRESSURE (ATM) Ze0S9 
Sas VOLUME (6C) COLZLEE 
INTERFACIAL AREA (SQ.CM) 46.205 
MONOMETHYLAMINE DENSITY (G/CC) 027079 
EACUID FLOWRATE (CC7SEC) Os 26H 
Shs FEUWRATE (CC/SEE) 50.2 
HENRY'S LAW COEFFICIENT (ATM/ZMOLE FRACTION) 6726.0 
HOA INe DIFFUSIVITY (SOsCM7 SEC) Os LO9E=03 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 28.0 
ELQOUID PHASE EQUILIBRIUM CONCENTRATION (PPM) Res i ea 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.644 
MOLE FRACTION AMINE IN GAS PHASE 0.356 
DIPFEUSIVITY OF HD IN GAS PRASE (SQ.EM/ SEC) O.62875 
VISCOSITY OF HYDROGEN GAS (CP) 0.00813 
VESCOS1 TY UF AMINE VAPOR (GP) 0.00709 
VESGUSITY OF ‘GAS PIXTURE ACP) 0.00814 
DENSITY OF GAS PHASE (G/€E) 0.00119 
GAS PHASE REYNOLD'S NUMBER 61.1 
OVERALL LIQUID PHASE TRANSFER 031964 
COEFFICIENT EM/ SEG) 
GAS PHASE MASS TRANSFER COEFFIC TENT O's 5536 
(6 MUEE7 (SEC. SOSEMUG MBE CCI) ) 
LTGUIN PHASE TRANSFER €@EFFICIENT (EM/ Sec) 0.2045 
FIRST ORDER RATE CONSTANT (4175EC) SoLwzZ 
TIME GAS PHASE DEUTERIUM EINE ey ey Noy teas 
(SEC) CONCENTRATION (PPM) 
0.0 445.5 0.0000 
600.9 38 8.0 -0.1483 
1200.0 s2060 =O eoU LS 
1800.0 294.3 -0.4497 
2400.0 254.3 =U6ODc'C 
3600.0 19340 =0s 97201 
4800.0 150.3 25225) 
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RUN NO. 36 MAR. 09/76 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASSIUM AMIDE 

SYSTEM TEMPERATURE (DEG GC) 


TOWAL INTTEAL PRESSURE (ATM) 
GAS VOLUME (CC) 

INTERFACIAL AREA (SQ.CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


UTOUTDD FLOWRATE (CC/SEC) 

GAS; GLOWRATE ¢CC/SEC) 

HENRY "S LAW COBFRICIENT CATM/MOLE FRACWION) 
HD-AMINE DIREUS TIVITY @SOQi..0M/SEC) 


GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 
LIQUID PHASE EQUILIBRIUM CONCENTRATION (PPM) 
MOLE FRACTION HYDROGEN IN GAS PHASE 

MOLE FRACTION AMINE TA GAS, PHASE 


DIEFUSEVITY OF HD) EN GAS PHASE (SQ .CM7SEe) 
WESCOS ITY OF HYDROGEN GAS ¢€CP) 
WESCOST RY OF AMINE VAPGR (CP) 
VESCOSETTY OF GAS MDERURE UCR) 


DENSITY OF GAS PHRASE (G/CE) 

GAS PHASE REYNOLD'S NUMBER 

OVERALL LIGUED BHASE TRANSFER 
COEREIGIENT ¢GM/SEC) 


GAS PHASE MASS TRANSEER COEFFICIENT 

(GG MOLE/ (SEE SQ.ECMtG MOLE/CEhY) 
ETOULD PHASE TRANSFER COEEENC KENT (CMASEC ) 
FIRST ORDER BATE CONSTANT CLASEE) 


0.250 
0.500 


P6483 


2536.8 
46.07 
0.7419 


0.201 
BIOs, Z 
10246.0 
03..6028- 


2020 

130.6 
0.944 
0.056 


0.3788 


0.00735 
0.00610 
0.00758 


0.00034 


US. 2 
0.0610 


0.3996 


0.0614 
62.5 


TIME GAS PHASE DEUTERIUM EN CU M=VEhs OGRE) ) 
CSEG) CONCENTRATION (PPM) 
0.0 496.7 0.0000 
600.0 482.4 30.9305 
1300.0 468.5 -0.0609 
2000.0 447.7 -0.1084 
3000.0 434.3 —0.1474 
4000.0 408.6 -0.2044 
5000.0 396% I =e 
6000.0 Bull's 3 Ne aid © 
7000.0 Bie ehree =. 3350 
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RUN NOs 3H MAR L2/ 7 


CATALYST CONCENTRATION (M EQ/G) 
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LITHIUM AMINE 0.250 
POTASSIUM AMIDE 0.500 
SYSTEM TEMPERATURF (DEG C) -12.2 
TOTAL INITIAL PRESSURE (ATM) 2.128 
GAS VOLUME (CC) 2550.6 
INTERFACIAL AREA (SQ.CM) 46.05 
MONOMETHYLAMINE DENSITY (G/CC) 0.7019 
LIQUID FLOWRATE (CC/SEC) 0.287 
GAS FLOWRATE (CC/SEC) 50.2 
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) 6660.2 
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) 0.111E-03 
GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) 2861 
LIQUID PHASE FOUILIBRIUM CONCENTRATION (PPM) 131.1 
MOLE FRACTION HYDROGEN IN GAS PHASE 0.641 
MOLE FRACTION AMINE IN GAS PHASE 0.359 
DIFFUSIVITY OF HD IN GAS PHASE (SO.CM/SEC) 0.2789 
VISCOSITY OF HYDROGEN GAS (CP) 0.00815 
VISCOSITY OF AMINE VAPOR (CP) 0.00712 
VISCOSITY OF GAS MIXTURE (CP) 0.00816 
DENSITY OF GAS PHASE (G/CC) 0.00123 
GAS PHASE REYNOLD'S NUMBER 63.3 
OVERALL LIQUID PHASE TRANSFER 0.2130 
COEFFICIENT (CM/SEC) 
GAS PHASE MASS TRANSFER COEFFICIENT 0.3463 
(G MOLE/(SEC SQ.CM(G MOLE/CC))) 
LIQUID PHASE TRANSFER COEFFICIENT (CM/SEC) 0.2229 
FIRST ORDER RATE CONSTANT (1/SEC) 447.1 
TIME GAS PHASE DEUTERIUM ~~ LN((Y-YE)/(YI-YE)) 
(SEC) CONCENTRATION (PPM) 
0.0 445.9 0.0000 
600.0 383.0 ~0.1631 
1200.0 324.1 ~0.3446 
1800.0 278.3 -0.5127 
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RUN NO. 38 MAR. 


CATALYST CONCENTRATION (M EQ/G) 
LITHIUM AMIDE 
POTASS LUM. AMIDE 

SYSTEM TEMPERATURE (DEG C) 


TOTAL INITIAL PRESSURE (ATM) 


GAS VOLUME (CCC) 
PH ERrACLAL SAREAC GSO .CM) 
MONOMETHYLAMINE DENSITY (G/CC) 


SEU LOVELUWRA TE CCC/SEC) 
CAS -ELOWRATE, {CC/SEC) 


HENRY®S LAW COEPPICIEN?D CATM/MOLE 
BOsAN INE DIEPUSTVIFY G50 sCM7S5EC) 


GAS PHASE EQUILIBRIUM CONCENTRATION 
LIQUID PHASE EQUILIBRIUM CONCENTRATION 


UT ALES 


MOLE FRACTION HYDROGEN IN GAS PHASE 


MOEE FRACTION AMINE IN GAS PHASE 


Uieevotvt RY OF HD: IN GAS “PHASE 
VISCOSITY- DOF HY DROGEN (GAS. (CP) 
MeocuolhY. WE AMINE VAPORS CE ) 
Pores Gus tyY wr GAS MEX MIR ac Pe) 


DEeNnoray oF GNSS PreSse (O/7CC) 

GAS PHASE REYNOLD'S NUMBER 

BYERALL LIQUID PHASE, TRANSFER 
COEFFICIENT (GM7 SEG) 


(SQO.CM/ SEG) 


GAS PHASE MASS TRANSFER COEFFICIENT 
(GaMOUE/I SEC. SO.CM(GUMOLE/ CG)2) 


BiOU TD -PHASE) TRANSPER LCOREPIT CIENT. 
PAIRS ORDER IRATE «CONSTANT (CLZSEC) 
RiGE GAS PHASE DEUTERIUM 
(SEC) CONCENTRATION (PPM) 
0.0 448.2 
600.0 396.0 
1800.0 318.8 
2400.0 291.0 
3000 -0 25744 
3600.0 23800 


4800.0 Lo B65 


FRACT ION) 


(PPM) 
(PPM) 


(CM/SEU,) 


0.0000 
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+0, 60012 
=0.,6861 
-0.9246 
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APPENDIX D 
DETAILED ANALYSIS OF AMINOMETHANE SOLUTIONS 


FOR CATALYST CONCENTRATIONS 


Concentration of PMA used = 0.31 m mol/g amine 
Date of analysis: JULY 302 974 


Sample appearance: Clear, light brown, no precipitate 


Analytical method a.a.sS. aes Pe ae 
Concentration found (m eq/g) (m eq/g) 
Re v.42 

CH,NH | 0231 
CH,N-CH=N-CH., 0.09 


Comments: G.C. analysis showed a small amount of KNH,, in solution and 


0.6% by weight dimethylamine in the solvent. 


She > * 


rm a 
we 
Bee 
2.0. 
_ &a\bo a) 3? norsnrd! 
. | vi nie 7 ace a 
= : av" eter 
16.0 ; We eg ae AG, 
" a bd a 
y , 200 
; 


al Aa 4 Se ripe 
Raeapetpeen mh "ial to deyome’ ‘wah ae 0° te om | 
i decades . natant yawn sagtow x 


~ A, s ry 


ga’ »@ 


Concentration of PMA used = 0.30 m mol/g amine 


Concentration of LMA used 


Date of analysis: October 2, 1974 


0.30 m mol/g amine 


Sample appearance: Dark color, contained precipitate 


Analytical method a.a.s. s.r: 


Concentration found (m eq/g) (m eq/g) 


+ 


K 0.35 

he 0.33 

NES 

CH,NH 0.68 


Comments: Analyzed samples were cloudy. 


be due to precipitate in the samples. 


Date of analysis: October 23, 1974 


Analytical method a.a.s. 
Concentration found (m eq/g) 
a 0.34 
Lit 0.37 
NH, 

CH,NH 

CH ,N-CH=N-CH., 


Comments: Contains ~ 10% NH. as the metal salt. 


S| 


Sees 


(m eq/g) 


0.08 


Variations: 20 


n.m.r. 


(m eq/g) 


0.07 
0.69 


nil 


contain a detectable amount of free ammonia. 


Date of analysis: March 2652975 


Sample appearance: Clear, pale yellow 


i ey 


a.a.S. on 
Filtered Sample 


(m eq/g) 
0.28 


0.26 


the results may 


(m eq/g) 


nil 


The solvent does not 
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Analytical method 


Concentration found 


K 


CHNH 


CH.N-CH=N-CH, | 


3 


3 


a.a.S. 
(m eq/g) 
OL32 


OD edz 


n.em.r. 


(m eq/g) 


Osi) 


trace 
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(m eq/g) 


0.04 
0.62 


0.004 


0 + 
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Concentration of PMA used = 0.43 m mol/g amine 


Concentration of LMA used = 0.43 m mol/g amine 
Date of analysis: Api le ALD ft / 5 


Sample appearance: Clear yellow solution 


Analytical method a.a.s. 
Concentration found (m eq/g) 
1 0.46 
re 0.48 
NH, 

CH,NH 

CH,N-CH=N-CH, 


Date of analysis: Maya » SLI 75 


Sample appearance: Clear, yellow 


Analytical method a.a.s. 
Concentration found | (m eq/g) 
K 0.44 
Lit 0.46 
NH, 

CH,NH 


CH,N-CH=N-CH., 


nem.r. 


(m eq/g) 


0.94 


Grace 


Titel ents e 


(n eq/g) 


0.82 


0.07 


LSS 


Siniets 


(m eq/g) 


0.08 
0.90 


0.004 


(m eq/g) 
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Concentration of PMA used 


Concentration of LMA used 


Date of analysis: 
Sample appearance: 
Analytical method 


Concentration found 


CHNH 


CHN-CH=N-CH. 


Date of analysis: 
Sample appearance: 
Analytical method 


Concentration found 


a 


+ 
Li 


NE 


CHNH 


CH..N-CH=N-CH , 


i} 


0.63 m mol/g amine 


0.63 m mol/g amine 
May 13, 1975 
Clear, yellow 
aaacs: 
(m eq/g) 
0.69 


0.68 


SuiyvsZIe1L9V5 
Clear, bright yellow 
a.a.s. 
(m eq/g) 
0.66 


0.66 


n.em.r. 


(m eq/g) 


1.36 


0.05 


Tes sre 


(m eq/g) 


154 


Pei. 


(m eq/g) 
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(m eq/g) 


0.10 
1.14 


0.02 
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Concentration of PMA used = 0.39 m mol/g amine 


Concentration of LMA used 


Date of analysis: 
Sample appearance: 
Analytical method 


Concentration found 


CH,NH, 


CHN-CH=N-CH., 


Date of analysis: 
Sample appearance: 
Analytical method 


Concentration found 


ra 


Pt 
J ayal. 


2 


CHNH 


CH.,N-CH=N-CH, 


NH 


1.66 m mol/g amine 


June’ *6, 1975 


Pale yellow, slightly cloudy 


aes s 
(m eq/g) 
0.40 


Le7, 


August 11, 1975 
Clear, nearly colorless 
aa es 
(m eq/g) 
0.36 


1.64 


nem.r. 


(m eq/g) 


2.04 


rats hi 


LOL GRR I a 


(m eq/g) 


nil 
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(m eq/g) 


nil 
2203 


nit 


SrCs 


(m eq/g) 


0.04 
CRA be, 


nil 


+Ovg 


(a\p. a) 
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(a \po or) 
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Concentration of PMA used = 0.40 m mol/g amine 
Date of analysis: September 8, 1975 
Sample appearance: Clear, yellow solution 
Analytical method a.a.S. 
Concentration found 


(m eq/g) 


K 0.446 


CHNH 


CH. ,N-CH=N-CH., 


Date of analysis: October 9, 1975 


Sample appearance: Clear, yellow 


Analytical method a.a.sS. 
Concentration found (m eq/g) 
Kr 0.41 
NH, 

CH.NH 


CH.,N-CH=N-CH., 


n.m.r. 


(m eq/g) 


0.425 


OUR iS ia 


(m eq/g) 
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2 ICh 


(m eq/g) 


PeGe 


(m eq/g) 


0.006 
05371 


0.004 
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Concentration of PMA used = 0.50 m mol/g amine 
Concentration of LMA used = 0.86 m mol/g amine 
Date of analysis: November 7, 1975 


Sample appearance: Clear, yellow 


Analytical method avaes: 
Concentration found (m eq/g) 
Kr 0.51 
Lit 0.876 
NH, 

CH,NH 


CH,N-CH=N-CH., 


TheM.Lr. 


(m eq/g) 


i863 
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Concentration of PMA used 0.48 m mol/g amine 


Concentration of LMA used 0.35 m mol/g amine 
Date of analysis: February 18, 1976 


Sample appearance: Clear, yellow 


Analytical method a.a.sS. 
Concentration found (m eq/g) 
KT 0.50 
Liv 0.374 
NH, 

CH,NH 


CH.N-CH=N-CH., 


nem.r. 


(m eq/g) 
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(m eq/g) 


0.0244 
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Concentration of PMA used = 0.50 m mol/g amine 


Concentration of LMA used = 0.25 m mol/g amine 
Date of analysis: Apra iG. 1976 


Sample appearance: Clear, yellow-gold 


Analytical method a.acs. 
Concentration found (m eq/g) 
ne 0.5020 
i 0.2553 
NH, 

CH,NH 


CHN-CH=N-CH., 


nem.r. 


(m eq/g) 
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